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ABSTRACT 
STRUCTURAL MODELING AND MONITORING OF THE ROLLINS ROAD BRIDGE FOR 
CONDITION ASSESSMENT 
by 
Jesse D. Sipple 
University of New Hampshire, December, 2008 
The health of the US infrastructure is on the minds of everyone following the 
August 1, 2007 collapse of the I-35W Bridge in Minneapolis, Minnesota. The safety of 
bridges nationwide should be a top priority for both our citizens and government since 
they are the backbone of this nation's economy, with 73% of all traffic and 90% of all 
truck traffic traveling over state-owned bridges. Performing nondestructive load tests, 
collecting structural response data, and structural modeling techniques allow bridge 
owners an objective insight into the health of a bridge. The art of reconciling the 
structural model to reflect collected field data also allows bridge owners to have an 
up-to-date analytical model of the bridge for condition assessment, decision-making, 
and asset management. The results from the Rollins Road Bridge load test accurately 
show that a model can be updated to match measured structural response from a 




1.1 - Social Need 
Bridging the Gap, published by the American Association of State Highway and 
Transportation Officials (AASHTO) in July 2008, addressed the issues with our nation's 
aging infrastructure in response to the one year anniversary of the lnterstate-35W 
Bridge collapse (Petroski, 2007). Five major problems of our nation's bridges are age 
and deterioration, congestion, soaring construction costs, maintaining bridge safety, 
and the need for new bridges. Five proposed solutions for our nation's bridges are 
investment, research and innovation, systematic maintenance, public awareness, and 
financial options (AASHTO, 2008). The collapse of the I-35W Bridge was a tragedy, 
however it did bring the safety of our aging infrastructure into the public eye. The 
2006 Status of the Nation's Highways, Bridges, and Transit report published by the U.S. 
Department of Transportation states that of the 594,101 bridges in the National Bridge 
Inventory, 13.1% are rated as structurally deficient and 13.6% are rated as functionally 
obsolete. The terms structurally deficient and functionally obsolete mean 
"deteriorated conditions of significant bridge elements and reduced load-carrying 
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capacity" and "function of the geometries of the bridge not meeting the current design 
standards" respectively (U.S. Department of Transportation, 2006). In other words, 
structurally deficient means the bridge cannot properly support the design or required 
loading and functionally obsolete means the current configuration of the bridge 
cannot adequately handle traffic loads imposed the bridge. 
With more than 3 trillion traveled bridge vehicle miles annually, 223 billion 
miles being truck traffic, traffic loading is one of the major factors in the deterioration 
of America's bridges. The construction boom of Interstate Highway System in the mid-
1950s to mid-1970s resulted in an unprecedented period of infrastructure 
construction. These 590,000 bridges are essential for the transportation of the 
nation's commerce as well as carrying thousands of commuters to and from work 
every day (AASHTO, 2008). Bridges are essential for the economy of this country but 
are easily overlooked since they are traveled safely day in and day out. 
The average bridge in the United States has an age of 43 years old and a design 
life of 50 years. Therefore, the need for another large infrastructure construction 
project to replace the aging infrastructure is imminent. Prioritization of red listed 
bridges will be required to achieve this daunting but necessary task in an efficient 
fashion (NHDOT, 2008). The decision to replace or repair, and how to repair each 
individual bridge structure, is a common and difficult management issue for bridge 
owners (Farhey, 2005). 
The New Hampshire Section of the American Society of Civil Engineers 
(NHASCE) published the 2006 Report Card for New Hampshire's Infrastructure, which 
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states that out of the 2,113 state and 1,621 municipality owned bridges 145 and 363 
bridges, respectively are on the red list. The red listed bridges have known 
deficiencies, load capacity reductions, or bridge configuration which require inspection 
more frequently that the standard 2 year inspection routine. Another 167 state and 
226 municipal bridges are listed as either structurally deficient or functionally 
obsolete. These numbers are a 10% decrease in red listed bridges and a 2% increase in 
structurally deficient or functionally obsolete bridges from the NHASCE 2002 Report 
Card. New Hampshire has been successful in removing an average of 10 state and 16 
municipal owned bridges from the red list per year for the last 10 years. The report 
states that there is a substantial need for investment to maintain this trend (NHASCE, 
2006). 
1.2 - Current State of Bridge Inspection 
In response to all of the problems presented to bridge owners, visual 
inspection is the typical asset management solution. The typical protocol used for 
visual bridge inspection is the National Bridge Inspection Standards. Several state 
departments of transportations (DOTs) use the PONTIS (AASHTOWare, 2008) program 
distributed by AASHTO. PONTIS is a comprehensive tool used to store and manage 
bridge information collected during inspection, inspection data, and examine the 
needs of all bridge in the specific network (Hearn, 2007). The way to gather 
information put into PONTIS is through Federal Highways Association's (FHWA) 
National Bridge Inspection Program (NBIP). This program was developed in 1967 in 
response to the Silver Bridge collapse in Ohio (Phares, Rolander, Graybeal, & Washer, 
3 
2000). In 2000, Brent Phares polled state and county DOTs as well as inspection 
contractors and found the most common form of nondestructive evaluation is through 
visual inspection (Phares, Rolander, Graybeal, & Washer, 2000). Visual inspections are 
typically scheduled every 24 months. This interval can be shortened to closely monitor 
any problem areas until issues are resolved by repair or replacement. This is adequate 
for most bridges under normal conditions, but not if there is a damage-causing event 
such as impact or natural disaster between inspections. 
Visual inspections are not always objective in categorizing damage and cannot 
quantify structural condition issues with bridges (Farhey, 2005). As seen in a recent 
request for proposal, NCHRP 12-82 [RFP], the idea of regularly scheduled bridge 
inspections is not an efficient way of resource management for already stretched DOTs 
(Beal, 2008). 
The information bridge owners need to obtain through visual inspections is 
threefold; to find out if there was a change to the serviceability of the bridge or load 
capacity, what the reliability of the bridge is, and how long the structure will operate 
at its current capacity. Due to these needs and given that public safety and resource 
management are important issues to bridge owners. Having an inexpensive continuous 
bridge monitoring system that can provide useful information of the condition of the 
bridge, deterioration over time, damage indices, and early warning of unsafe 
conditions would be an invaluable tool. This continuous monitoring and the strategy 
and methodology of its implementation is the goal of structural health monitoring 
(Guan, Karbhari, & Sikorsky, 2007). 
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1.3 - Structural Health Monitoring 
Visual inspections are performed by highly trained personnel that have honed 
the ability to spot possible areas of concern that could lead to potential problems or 
that need to be investigated further through training and experience. However, a 
more objective method of bridge assessment may be possible through the use of 
structural health monitoring (SHM) techniques. This method is more objective by 
obtaining numerical data which can be correlated to the health of the bridge. Data is 
collected from sensors via data acquisition systems, the data is analyzed to provided 
measurements of structural health which in turn will determine if a reduced bridge 
load rating or immediate attention is warranted. This technology could be easily 
integrated into new bridge construction and rehabilitation projects as well. 
An analogy to describe the need for structural health monitoring is human 
health care. From the moment a person is born, they undergo tests to determine their 
health. By the time a person is 40 years old, it is possible that they have undergone a 
stress test to determine the health of their heart, x-rays to determine bone health, etc. 
A bridge is not a human, but when thinking about the amount of people bridges carry 
every day, their safety should be looked at closely. The presence of structural health 
monitoring tools, sensors, and cameras allow bridge owners invaluable tools in 
damage assessment and hazard and asset management. 
The study and deployment of SHM techniques is a multidisciplinary research 
area which uses nondestructive testing (NDT) techniques and instrumentation plans in 
order to examine the global response or specific structural components. To date, 
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beneficial developments have been seen through instrumentation of short-span 
bridges as short-span bridges are easier to employ full-scale research tests on and 
have a more sensitive global response (Brownjohn, Moyo, Omenzetter, & Chakraborty, 
2005). SHM systems include but are not limited to the use of strain gauges, 
temperature sensors, tilt meters, accelerometers, and data acquisition systems. SHM 
systems with post-processing protocol allow for real time evaluation of current bridge 
conditions, having the ability to provide early warning of deteriorating or unsafe 
conditions. SHM systems can also provide long term structural health information. 
This information can help bridge owners decide when and how to repair or replace 
bridges by optimizing maintenance budgets while improving the safety of the general 
public (Guan, Karbhari, & Sikorsky, 2007). 
Technically and economically feasible, practical, and rapid solutions created 
through administrative and engineering solutions are necessary for modern bridge 
management programs (Farhey, 2005). The data collection from bridges is only one 
part of SHM. A major component of SHM is the art of reconciling the collected data 
with an analytical model. Another large part of SHM is identifying characteristics of 
the bridge and possible means of failure by using finite element modeling and analysis 
along with field tests to provide an accurate model of the structural behavior at the 
bridge (Farhey, 2007). Creating a structural model which aids in the design process is 
common practice for bridge designers. Modifying that design model into a monitoring 
based model to be used with the goal of performing parameter estimation and model 
updating makes the SHM process a very useful tool in bridge management (Bell, 
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Sanayei, Javdekar, & Slavsky, 2007). "The best 'model' of the bridge is the bridge 
itself," (Howell & Shenton III, 2006) which makes conducting a load test the best way 
to obtain information on the bridge behavior. Information obtained from the NDT can 
be correlated to the behavior seen in the bridge model. A SHM program that 
compares data to data without providing accountability and a predictive model, gives 
little quantification of the data, and is therefore of little use to bridge owners (Guan, 
Karbhari, & Sikorsky, 2007). 
1.4 - State of the Art 
Data can be collected on all types of structures in different ways, but what 
makes the information beneficial for decision making is how it is used to obtain value 
added information. Several SHM research projects have been performed using 
different SHM techniques. A popular method in SHM and damage detection is the use 
of vibration data and modal parameters (Brownjohn, Moyo, Omenzetter, & 
Chakraborty, 2005). This is popular because it does not require measuring 
displacement, strain, and rotations, which are subject to load application and 
environmental effects. Modal/vibration testing can be done fairly easily and often, 
using traffic as the excitation, to obtain results that aid in damage detection, 
parameter estimation, and model updating. Continuous monitoring with vibration 
testing allows observing seasonal changes, detecting damage, and observing gradual 
changes to the bridge. However, due to recent advancements in technology, static 
measurements such as strain, tilt, and displacement are easier to obtain and viewed as 
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being more reliable than in past generations (Robert-Nicoud, Raphael, Burdet, & 
Smith, 2005). 
Static experimental data has been used in parameter estimation and model 
updating, and in certain situations has proven to be more economical than dynamic 
loading (Sanayei, Imbaro, McClain, & Brown, 1997). Adding the parameter estimation 
and model updating component of SHM provides a decision making and predictive 
aspect to the program. Static measurement data is more practical when compared to 
dynamic measurements, due to lower computational cost and better insight into 
actual parameters (Sanayei, Imbaro, McClain, & Brown, 1997). Parameter estimation 
techniques, through the use of a finite element model and model updating, allow 
direct variation of structural parameters such as area, moment of inertia, and modulus 
of elasticity. Table 1 shows the advantages and disadvantages to the three typical 
types of static measurements. Multiresponse, using strain, displacement, and 
rotation, parameter estimation has been shown as a robust method for flexibility-
based parameter estimation and model updating using the University of Cincinnati 
Infrastructure Institute bridge deck laboratory model (Sanayei, Bell, Javdekar, 
Edelmann, & Slavsky, 2006). 
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Table 1: Structural health monitoring measurement comparison (Sanayei, Imbaro, McClain, & Brown, 





• Typical measured response 
• Easy to rapidly deploy 
• Global, overall measurement 
• Typical measured response 
• Not reference dependent 
• Direct structural behavior due 
to gauges being installed on 
surface of structural element 
• Typical measured response 
• Not reference dependent 
Cons 
• Reference dependent 
• Difficult to measure 
• Need baseline reading 
• Expense associated with 
strain gauges and data 
collection 
• Needs to settle out 
before readings 
Parameter estimation on an in-service bridge was performed for calibrating a 
model for special permitting for an overloaded vehicle pass by Bridge Diagnostics, Inc. 
in 2000 (Grimson, Commander, & Ziehl, 2008). Three superloads were scheduled to 
cross the Bonnet Carre Bridge near Norco, Louisiana with the first weighing 2,460-kips 
and the second and third weighing 1,000-kips. The permitting and rating process for 
allowing the superloads to pass was done before any decision was made about 
integrating a load test into the process. The bridge was instrumented with quarter 
bridge electronic resistance strain gauges. A model was created based on material 
properties, containing elastic supports for boundary conditions, and initial 
observations from the bridge. The model was then calibrated using snooper truck 
weighing 66-kips passing along the length of the bridge. The calibration included 
modifying certain properties and boundary conditions and performing parameter 
estimation and model updating in order to match the results from the field test data. 
Calibration of the model involved 3,276 strain comparisons obtained from 28 
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locations, with 117 analysis load cases. The load cases and locations consisted of three 
truck paths with 39 truck positions along each pass. 
Once the tedious calibration process was completed to an acceptable level of 
accuracy, the superloads were applied to the model. The results showed that the 
model was fairly accurate with modeled peak strains being within 10% of predicted 
peak strains. There was a discrepancy between model and measured data where the 
peak strains were experienced. That problem was fixed by adjusting the percentage of 
load carried by each dolly. A benefit from this process, as opposed to traditional load 
rating procedures, was the response of the entire structure was investigated as 
opposed to the conventional method of load distribution factors and beam analysis. 
Researchers found that the field-verified model process is identical to the typical 
process of load rating (Grimson, Commander, & Ziehl, 2008). 
1.5 - Case Studies 
The Rollins Road Bridge (RRB) Research Project is not the first to do SHM on an 
in-service bridge. In fact, there is an increasing popularity to integrate SHM into 
existing and new bridge projects as aging infrastructure becomes a top priority to the 
US traveling public. 
One specific case, similar to the RRB project, was a successful test on the 
Morristown Bridge on Route 100 in Vermont, US. The bridge was instrumented with 
internal temperature and fiber optic strain gauges on the glass fiber reinforced 
polymers (GFRP) reinforcement and in the concrete deck. A theodolite was used to 
measure deflections on the girder and deck during the load tests. In this specific 
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application, the load test looked at the data and determined that the strain in the 
GFRP bars was significantly less than the ultimate and the tensile strain in the concrete 
was well below the cracking strain for concrete. Slab and deck deflections were 
significantly less than AASHTO limits (Benmokrane, El-Salakawy, El-Ragaby, & Lackey, 
2006). The Morristown Bridge Project did not correlate the load test data to any 
model. They looked directly at the stresses experienced by the material in which the 
gauges were attached and compared that with known material properties; element 
behavior as opposed to overall system response. Another project was done on the 
Wotton Bridge in Wotton, Quebec with similar results, and, again, with no use of a 
comparative model, parameter estimation, or model updating (Benmokrane, El-
Salakawy, El-Ragaby, & Lackey, 2006). 
Previous research on the Rollins Road Bridge was performed and a data-to-data 
comparison was examined by Martha Bowman in 2002 (Bowman M. M., 2002) 
(Bowman, Yost, Steffen, & Goodspeed, 2003). Initial testing on the RRB showed that 
transverse strains in the carbon fiber reinforced polymers (CFRP) grid can be estimated 
using conventional ACI design methods and the CFRP properties. There was a 
variation between predicted and measured strains and the variation was attributed to 
temperature effects. The stress on the CFRP was less than 1% of the grid's ultimate 
tensile capacity and less than 2% of the grid's ultimate compressive capacity during the 
load test. Future work for this research project suggested that tests to determine 
deflections due to only temperature change would provide insight into how the bridge 
globally responds to those temperature changes (Bowman M. M., 2002). 
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Nationally, there are several projects focused on instrumentation and 
evaluation of in-service structures. Once the funding for those projects expires, the 
continuation of retrieval and analysis of this data is limited by availability of future 
funding and personnel, as was the case with RRB before this project began. SHM with 
parameter estimation can be performed with this data to create and continuously 
update a model that evolves as the bridge ages. This model may be able to capture 
loads applied and deterioration experienced. This process could aid in the tracking of 
the bridge as it ages and give objective information related to bridge asset 
management needs. 
1.6 - Monitoring Model Creation 
The goal of a monitoring based model is to capture accurate structural 
behavior. When creating a model for structural health monitoring, it needs to be 
different than models created for design purposes. Bridges are typically designed 
according to design codes which have a goal to produce a safe bridge design in a 
practical time frame. SHM modeling involves selecting of appropriate software where 
characteristics can be easily added such as the modeling of elastomeric bearing pads, 
carbon fiber reinforced polymers, prestressing, and bridge girder geometry. 
1.6.1 - Modeling 
With the current advancements in bridge modeling programs, such as 
SAP2000® (Computer & Structures Inc., Berkeley, CA) and GT Strudl® (Georgia Tech -
CASE Center, Atlanta, GA), finite element modeling has often become part of the 
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bridge design process. The SAP2000® Bridge Information Modeler can be used to 
compute influence lines and bridge response due to applied vehicle loads, dynamic 
loads, moving vehicle loads, self weight, and several other load applications including 
thermal loads (Computer Structures, Inc., 2007). Programs like SAP2000® and other 
structural analysis and design programs are used mainly as an aid in the design process 
in conjunction with local codes. 
The type of model used in a SHM program has different characteristics and 
areas of focus than a model used for design purposes. The SHM model must be 
accurate enough to capture the behavior of the bridge and be used in parameter 
estimation and model updating. Boundary conditions are an important and sensitive 
detail in modeling, such as those associated with accurately modeling elastomeric 
bearing pads. All loads applied to the bridge during a load test, whether they are 
vehicle, temperature, or wind must be included in the SHM model. All structural 
properties and components of the bridge during load testing such as elastomeric 
bearing pads, carbon fiber reinforcement polymers, the New England Bulb Tee girder, 
bridge rails, and temperature effects must also be included in the SHM model. 
1.6.2 - Elastomeric Bearing Pads 
Elastomeric bearings are recently the most common type of bearing used in 
bridge construction in the U.S. and have been used in bridge construction since the 
1950s (Stanton, Roeder, Mackenzie-Helnwein, White, Kuester, & Craig, 2008). Figure 1 
shows the steel reinforced elastomeric bearing pad used at Rollins Road Bridge. 
Elastomeric material is used in the bearing pad which can be thought of as thick (~5/8-
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inch) layers of neoprene often separated by thin (~l/8-inch) plates of steel. This type 
of bearing is so popular because they resist typical bridge loads and allow for 
deformations without the need for machined or moving parts. This adds to the fact 
that they are economically feasible and are favorable when it comes to seismic codes. 
Simplicity of construction, economical feasibility, and favorability in seismic areas has 
made the elastomeric bearings the conventional type of bearing for bridges in the U.S. 
(Stanton, Roeder, Mackenzie-Helnwein, White, Kuester, & Craig, 2008). 
I • _ * 
Figure 1: Steel reinforced elastomeric bearing pad at Rollins Road Bridge 
One specific type of elastomeric bridge bearing pad is the steel-reinforced 
elastomeric bearing pad which is typically used for the highest loads. These steel-
reinforced bearings contain layers of rubber and steel that are bonded together 
forming an alternating layered bearing. These bearing pads are stronger and stiffer in 
compression than non-reinforced pads while still allowing the same shear 
deformations. The current methods of handling steel-reinforced elastomeric bearing 
in the AASHTO code are based on limited research or theoretical results. Rotation of 
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the bearing pad was not considered a high-priority issue when the elastomeric design 
limits were developed, and the research done for tension limits used limited 
laboratory samples done almost 60 years ago. The design standards are viewed to be 
highly conservative and to not be verified experimentally (Stanton, Roeder, 
Mackenzie-Helnwein, White, Kuester, & Craig, 2008). 
The difference between the requirements for design models and monitoring 
models can be seen with elastomeric bearing pads. The NCHRP Report 596 - Rotation 
Limits for Elastomeric Bearings goes into extensive detail on how to calculate the 
rotational and axial stiffness values from experimentally determined equations. 
Conservative bearing stiffness values are suitable for design since they work and do 
not cause the structure to be under-designed. In SHM models, the behavior must be 
accurately captured, so a conservative estimate could cause misleading results. 
1.6.3 - Carbon Fiber Reinforced Polymers 
Using carbon fiber reinforced polymers (CFRP) as the primary reinforcement in 
a concrete bridge deck is fairly new to civil engineering structures. The increased use 
of these products is due to advancements in technology making it feasible in today's 
construction market. Composite materials, such as CFRP, use-the strength of the base 
material, carbon fibers, held together and given stability by a polymer resin. These 
materials have been widely used in other industries such as transportation, marine, 
and aircraft. Several advantages to using CFRP composites are it is lightweight, 
nonmagnetic, high strength to weight ratio, corrosion resistance, low maintenance, 
and weather resistance. CFRP is favorable for civil structures because it increases 
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service life, reduces maintenance costs due to corrosion resistance from deicing salts, 
reduces time in field installation due to less weight, and rapid construction time due to 
ease of installation. 
One disadvantage for the use of CFRP is the high initial cost of the fiber and 
polymer resins. CFRP reinforced bridges are beginning to be viewed as financially 
viable due to the life-cycle advantages that CFRP offers (Nystrom, Watkins, Antonio, & 
Murray, 2003). However, the lack of a well established database for the use of fiber 
reinforced polymers in civil engineering structures causes designers to be reluctant to 
the material (Karbhari, et al., 2003). 
The CFRP is modeled in SAP2000® by using the layered shell element type. This 
allows for the user to input different material types and thicknesses throughout the 
depth of the shell finite element type. 
1.6.4 - New England Bulb Tee 
The New England Bulb Tee (NEBT) girder was developed by the 
Precast/Prestressed Concrete Institute (PCI) New England Technical Committee for 
Bridges, which is a partnership between all six New England state highway 
departments, private consultants, and area precasters. This specific beam was 
developed because the use of the standard AASHTO l-girder was limited in New 
England. Local precasters did not own the forms to support deeper sections needed 
for long spans and structural steel was already competitive in the construction market. 
The goal of this committee was to establish a precast girder that would be competitive 
to steel in the New England (Bardow, Seraderian, & Culmo, 1997). 
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In order for the precast girder to survive in the New England markets, it had to 
be able to be used on long spans, while depth, weight, and shipping length were kept 
to a minimum. These limitations are necessary because most of the roads in the 
region were built for horse drawn vehicles, therefore when they are reconstructed, the 
vertical clearance under the bridges must be able to handle the vertical clearance of 
the taller modern railroad underneath the bridge while allowing for the higher truck 
loads on the deck of the bridge. Again, due to the original nature of the roads, turning 
radii is tight arid the roads are very narrow, making the transportation of precast 
concrete beams difficult. A large component of using precast sections is getting those 
sections into place, which requires use of large cranes which also pose a problem in 
the New England region due to utility lines, private boundary limits, and small roads 
(Bardow, Seraderian, & Culmo, 1997). 
The end results from the PCI New England Technical Committee for Bridges was 
a bulb tee shaped girder that would work for both pretensioning and post-tensioning 
by having a web width of 7-inches with five variable depths depending on the overall 
depth of the beam. The prestress tendon configuration consists of 10 draped 13-mm 
strands and 21 straight 13-mm strands in the base. The NEBT girder has been used in 
different projects in New England since its development in the early 1990s (Bardow, 
Seraderian, & Culmo, 1997). 
1.6.5 - Temperature Effects 
Few researchers have addressed the effects on bridges due to temperature 
changes (Sohn, Dzwonczyk, Straser, Kiremidjian, Law, & Meng, 1999) (Wipf, 1991). 
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Research has shown that temperature can have an effect on boundary conditions 
(Peeters & De Roeck, 2001). A large focus and impediment in the research of thermal 
movements is getting accurate bridge material temperatures from ambient air 
temperatures (Branco & Mendes, 1993). 
AASHTO does take longitudinal thermal expansion of the bridge into account in 
their bridge code (Moorty & Roeder, 1992). These movements are typically accounted 
for by the installation of bearing pads and expansion joints in order to minimize the 
large forces that could develop if not properly accounted for. The equation that 
AASHTO suggests to use for these movements is seen in Equation 1. This equation 
raises an important question; what is used as the coefficient of thermal expansion of 
the entire bridge assembly? Secondly, as mentioned before bearing pads and bridge 
joints are typically used to account for thermal movements, but how can one be sure if 
they are working properly? 
Equation 1: Axial strain caused by uniform change in temperature (Hibbler, 2005) 
sT = a * AT 
1.7 - Research Goals and Activities 
The Rollins Road Bridge Project builds upon previous research in 
instrumentation done to expand the field of SHM and monitoring model creation as 
described above. The project began where the previous project terminated, after the 
completion of two successful load tests, and an analysis of the behavior of carbon fiber 
polymer reinforcement in the cast-in-place concrete deck. This project specifically 
addresses the durability of the CFRP in the RRB via data-to-data comparison as seen in 
Chapter IV: Data Quality Assurance and Data Quality Control and provide the NHDOT 
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with accessible and objective data to gage the performance of the CFRP for use in 
future projects. A load test was performed on April 2008, and the data from this test 
was used, in similar fashion, to determine the health of the bridge using data-to-data 
comparison as was done in the December 2000 and August 2001 load tests. 
This research also goes a step further by creating an analytical model to 
compare the data in order to obtain a correlation between field measurements and an 
analytical model. A model has been created and updated to the most current 
conditions of the bridge, using information from an April 2008 load test and as shown 
in Chapter VI: Manual Model Updating; and will be turned over to the New Hampshire 
Department of Transportation (NHDOT) to be used for bridge management and to aid 
in developing their SHM program. This research project will also pass along 
information relating to how the NHDOT can use tools they currently possess to 
enhance their current bridge management program by adding SHM, instrumentation, 
and parameter estimation and model updating. These additions will provide a value-
added aspect to their asset management and condition assessment programs. 
These new methods will also be tied into the current NHDOT practice of visual 
inspection and bridge assessment of load rating and special permitting. For this 
project, the visual inspection report was used to develop the criteria for model 
creation and updating for RRB eight years since it has been in-service. The goal is that 
the model will utilize all information received through visual inspection and 
instrumentation to enhance that visual inspection report with objective data. Even 
though the instrumentation plan for RRB was not designed specifically for SHM and 
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parameter estimation, a goal of this research project is to determine the level of 
information relating to the health of the bridge can be drawn from the data available 
from the bridge. 
A small parameter estimation study was done for this research project on a 
load test done in 2000 on the Central Artery/Tunnel Project in Boston, MA where 
underpinning frames were tested using NDT techniques, strain and displacement 
readings were measured, and a finite element model was used. Parameter estimation 
was successfully completed and determined rotational stiffness between columns and 
beams (Santini-Bell, Sanayei, Brenner, Sipple, & Blanchard, 2008). The Central 
Artery/Tunnel project will be discussed further in Chapter VII: Structural Health 
Monitoring, Parameter Estimation, and Model Updating. 
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CHAPTER II 
INTRODUCTION OF ROLLINS ROAD BRIDGE 
2.1 - Location 
Rollins Road Bridge is located in Rollinsford, New Hampshire. Rollinsford is in 
southeastern New Hampshire about 12 miles from the Atlantic Ocean, see Figure 2. 
The bridge is not considered to be located in a coastal region, which would add 
considerations associated with being close to saltwater. The bridge serves as an 
overpass to carry Rollins Road over Main Street and an active B&M Railroad (NHDOT 
Bureau of Bridge Design, 1999). The weather in the area is typical of New England, 
with an annual snowfall of 60 inches, as recorded in Concord, NH about 35 miles west 
of the bridge (National Climatic Data Center). Such harsh winters mean a heavy use of 
deicing agents on the road surface throughout the winter months. The effects from 
the use of these harsh chemicals can be seen in the deck of the previous 70-year old 
RRB. The deck had to be replaced/repaired several times due to deterioration 
accelerated by use of deicing agents (Bailey & Murphy, 2008). 
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Figure 2: Location of Rollins Road Bridge (Image Courtesy of Google Maps©) 
2.2 - History of the Rollins Road Bridge 
The original Rollins Road Bridge was a two lane bridge, steel stringer with 
concrete deck, four simple spans in series making a total length of 172-feet, and built 
in the 1930's, see Figure 3. The NHDOT decided that due to corrosion of both the steel 
reinforcement in the concrete deck and the steel stringers, the bridge needed 
immediate repair or replacement (Bowman, Yost, Steffen, & Goodspeed, 2003). The 
last inspection report of the old RRB was done during the construction of the new 
bridge, shown in Table 2. The report notes that there were several problems with the 
bridge, including a rating of 3 for serious deck condition. 
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Table 2: Expert of the 2000 Rollins Road Bridge Inspection Report (NHDOT Bureau of Bridge Design, 
2007) 
26 October 2000 Bridge 
Inspection Report 
Deck 3 Serious 
Superstructure 4 Poor 
Substructure 6 Satisfactory 
The NHDOT planned to remove the old Rollins Road Bridge and construct a new 
bridge in its place to open in the year 2000. The new Rollins Road Bridge was designed 
and constructed with funding from the Innovative Bridge Research and Construction 
(IBRC) program which is administered by the Federal Highway Administration (FHWA). 
The new Rollins Road Bridge, referred to from this point forward as Rollins Road 
Bridge, is the focus of this research project on SHM for the NHDOT. The purpose of 
the IBRC program is "to reduce congestion associated with bridge construction and 
maintenance projects, to increase productivity by lowering the life-cycle costs of 
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bridges, to keep Americans and America's commerce moving, and to enhance safety" 
(Office of Bridge Technology, 2008). 
Two requirements of the IBRC program are the bridge is to be constructed with 
high performance and innovative materials and be instrumented. The focus of the 
IBRC program is using technology in the bridge to require less maintenance while 
keeping ease of construction a high priority in the design of the structure. The goal of 
the instrumentation in RRB is to follow the progress of the new materials used in the 
bridge, again not for SHM. However, even though the instrumentation plan was not 
specifically designed for SHM, this research project was able to successfully utilize 
some of the sensors, including strain and temperature, in the bridge to capture the 
behavior of the bridge during NDT load tests. 
Rollins Road Bridge, opened in December 2000 and seen in Figure 4, is a simply 
supported single span of 110-feet with a concrete beam and concrete deck 
superstructure. The center pier was also not included in the new bridge design for 
safety purposes. The bridge has a rating of 99-tons (Fu, Feng, & Dekelbab, 2003) and is 
in very good condition, as seen in the most recent inspection report shown in Table 3. 
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Figure 4: New Rollins Road Bridge, opened in 2000 
Table 3: Excerpt from the 2007 Rollins Road Bridge Inspection Report (NHDOT Bureau of Bridge Design, 
2007) 
09 July 2007 Bridge Inspection 
Report 
Deck 9 Excellent 
Superstructure 9 Excellent 
Substructure 9 Excellent 
2.3 - Rollins Road Bridge Specifics 
A large part of the SHM protocol is the development of an accurate bridge 
model in order to capture the behavior of the bridge in a useful manner. In order to 
create that model, the structural properties of the bridge must be known with high 
level of confidence and modeled accurately. Details of the bridge are presented in the 
Master of Science Thesis of Martha Bowman, entitled Load Testing of the Carbon FRP 
Bridge Reinforce Concrete Bridge Deck on the Rollins Road Bridge, Rollinsford, New 
Hampshire (Bowman M. M., 2002). Researchers at the University of New Hampshire 
(UNH) were actively involved in the design and even construction of RRB. Researchers 
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were present at stressing and pouring of the girders, the pouring of the concrete 
bridge deck, and several other times during the construction of the bridge. Due to this 
presence of researchers, and excellent support from the NHDOT designers and 
construction personnel during the entire process, much care was taken to ensure the 
bridge was constructed to specification and instrumentation installed properly. 
As previously mentioned, in order to obtain funding from the IBRC, the bridge 
needed to contain high performance and innovative materials which ended up being 
carbon fiber reinforcement polymers (CFRP) in the deck and high performance 
concrete (HPC) in the girders. The bridge also needed to be instrumented, so fiber 
optic strain sensors in the CFRP, deck, and girder as well as temperature sensors were 
included in the design. The cross section of the bridge can be seen in and will be 
described in detail below. 
Several bridge components were specifically looked at for inclusion in the 
bridge model. These components include the CFRP reinforced bridge deck, New 
England Bulb Tee girders, steel-reinforced elastomeric bearing pads, the bridge rail, 
and the instrumentation plan, see Figure 5. Modeling these components accurately 






















































































































































2.3.1 - Bridge Deck 
The bridge deck is an 8-inch cast-in-place (CIP) concrete deck with 0.5-inch saw 
cuts, making an effective depth of 7.5-inches. The concrete deck strength can be seen 
in Table 4. There are also three CIP diaphragms, one at each end and one in the 
midspan. A typical bridge deck is reinforced with steel rebar, however due to the 
location of the bridge and high use of deicing salts, carbon fiber reinforced polymers, 
commercially known as NEFMAC, was used instead of steel. The CFRP has a tensile 
strength, ffu, of 190-ksi and an elastic modulus, Ef, of 10,400-ksi. Some advantages of 
the CFRP include its high tensile strength, reduced unit weight, non-corrosiveness in 
salt environment, attractive life cycle performance, and ease of installation. Some 
disadvantages are the higher initial cost and lack of contractor familiarity with the 
material. After speaking with NHDOT construction personnel about the use of the 
material, the construction workers were happy using the material since they could pick 
up a section by themselves and easily install it on the bridge, using zip-ties as 
connectors. 









2.3.2 - Girders 
The girders that the CFRP deck sits on are New England Bulb Tee prestressed, 
precast, steel reinforced girders, constructed with high performance concrete. 
Composite action between the deck and girders is achieved via 13-inch portions of the 
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CFRP grid used a shear transfer devices. The prestressing strand pattern is a dra 

















2.3.3 - Bearing Pads 
Each NEBT girder sits on two, cylindrical, 16-inch diameter, steel reinforced, 
elastomeric bearing pad located at each end of the girder. The bearing pads were 
manufactured by The D.S. Brown Company (The D.S. Brown Company, 2008) and are 
commercially known as Versiflex Elastomeric Bearings. They have a total thickness of 
5-and-l/8-inches, contain seven 1/8-inch steel reinforcing plates, have 60-durometer 
neoprene as the base material, and can be seen in plan and section in Figure 7. 
According to the AASHTO LRFD Bridge Design Specification Third Edition 2004, the 
elastomeric bearing pads are used to resist lateral movement due to temperature 
changes and load application (AASHTO, 2004). The bearing pads are important as they 
influence the boundary conditions for the model and obtaining the actual stiffness 
value of the bearing pads was important to the global behavior of the bridge model. 
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Figure 7: Elastomeric bearing pad details from Rollins Road Bridge Plans (NHDOT Bureau of Bridge 
Design, 1999) 
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2.3.4 - Abutments 
The types of abutments used at RRB are classified as a heavy abutment (Taly, 
1998). Visual inspections prior to load test noted no change to the abutment that 
would require modeling to capture changes in bridge behavior. 
2.4 - Instrumentation Plan 
As part of the IBRC, RRB was instrumented in order to capture the behavior of 
the CFRP and the bridge deck which contained an innovative material. All of the 
sensors in the deck are oriented in the lateral direction, perpendicular to the flow of 
traffic. This was done in order to understand the behavior of the deck as it bends over 
the girder when a load is applied. The only gauges oriented in the longitudinal 
direction, with the flow of traffic, were gauges in the precast, prestressed, high 
performance concrete NEBT girders. The purpose of these gauges was for researchers 
from the University of Nebraska at Lincoln to quantify the loss of prestress in the high 
performance concrete girders. These longitudinally oriented gauges proved to be 
most beneficial for the SHM program since they capture the global bending behavior 
of the bridge. The instrumentation plan was not designed for SHM, however full 
advantage was taken of the gauges for research in SHM. 
The fiber optic concrete strain sensors used in this project are Fabry-Perot 
strain gauges for embedment in concrete (EFO). The actual Fabry-Perot strain sensor 
is mounted inside a stainless steel envelope with two end flanges to ensure durability 
and protection of the sensor for long term monitoring projects, such as RRB. The two 
end flanges also ensure proper adherence to the concrete. The fiber optic sensors are 
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also small in size, lightweight, non-conductive, resistant to corrosion, and immune to 
electromagnetic noise and radio frequencies eliminating need for shielding and 
lightening protection (Choquet, Juneau, & Bessette, 2000). The robustness of these 
fiber optic strain gauges make the extra cost of the gauge worthwhile since they are 
still working correctly after being in service for eight years. 
Conventional strain gauges, seen in Figure 8, measure the time it takes for an 
electrical current to pass over a known distance. If there is a change in the time it 
takes to get from point A to point B, the change in time is correlated to a change in 
distance, therefore strain. A similar idea is used for fiber optic strain gauges; however 
light is used instead of an electrical current. Two mirrors are separated by a known 
length, and the change in time it takes light to travel between the mirrors is correlated 
to strain. A photo of the fiber optic strain gauges can be seen in Figure 9. 
Figure 8: Conventional strain gauge attached to concrete 
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Figure 9: FISO EFO fiber optic strain gauge (FISO, 2008) 
The deck gauges, Figure 10, were installed by researchers before the concrete 
deck was poured. Due to this presence of researchers during the installation and the 
deck placement could be a contributing factor to the success of the entire 
instrumentation plan. The gauges were connected to fiberglass studs, arranged in a 
planned depth throughout the deck. In RRB, all of these strain gauges are 
concentrated between girders 3 and 4, near the longitudinal midspan. Temperature 
sensors were also installed in the deck to obtain internal concrete temperatures. 
Figure 10: Deck temperature and concrete strain sensors (Adapted from (Bowman M. M., 2002)) 
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Fiber optic strain gauges were embedded into the CFRP grid. Figure 11 shows 
the strain gauge being inserted between the carbon layers during the manufacturing 
process. A Kevlar reinforced polyurethane jacket was used around the fiber optic 
gable for protection. The process of embedding gauges into the CFRP allows for a 
unique strain reading, being inside the CFRP as opposed to a strain gauge being 
installed to the outside of a reinforcement bar. 
Figure 11: Strain sensors embedded in NEFMAC grid (Adapted from (Bowman M. M., 2002)) 
The girder sensors are the main focus of instrumentation for this research 
project. As mentioned before, they are the only sensors in the longitudinal direction 
allowing bending and axial stresses experienced by the bridge due to traffic to be 
observed. Longitudinally oriented gauges are best suited for SHM and parameter 
estimation program. The sensors in the girders are identical to the sensors in the deck. 
The purpose of these sensors was originally to instrument and observe the prestress 
loss in the high performance concrete girders. The results from this research, which 
also examined several other bridges, was used in creating the model and is located in 
NCHRP Report 496 (Tadros & Al-Omaishi, 2003). Girders 3, 4, and 5 have strain sensors 
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installed at the longitudinal midspan of the bridge and at three different depths 
throughout the girder. These sensors were placed after tendon prestressing but 
before concrete placement, as seen in Figure 12. Figure 13 shows which gauges were 
used for analysis in this project. Only four out of the nine girder gauges were used 
because they were the four that had readings from all load tests and were still working 
in 2008. 
j**T 
Figure 12: Strain gauges in NEBT girder before prestressing (Adapted from (Bowman M. M., 2002)) 
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Figure 13: Graphic of sensors used in Rollins Road Bridge analysis, (a) shows the sensors in section view 
and (b) shows the sensors in plan view 
The data management instrument (DMI) is located on-site and is in good 
working condition. The DMI is a 32-channel fiber optic data acquisition system 
provided by FISO Technologies, Inc. This particular DMI model has the ability to record 
continuous data or be calibrated for a controlled static load test. Since the start of the 
research project, continuous temperature and strain data has been downloaded from 
the bridge for use by future researchers to investigate the long term thermal 
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performance of the CFRP and concrete deck through trends and examining material 
properties. For the continuous, long term temperature and strain data the DMI is 
configured to take 60 readings over the period of an hour and average those values to 
produce one data point for that hour. This allows for two weeks of data to be 
collected at once without filling the memory capacity of the device. The DMI is also 
attached to a modem, allowing researchers to remotely call the bridge to download 
data or see current conditions. One downfall of collecting this continuous data is there 
is no traffic camera or weigh-in-motion sensor at the bridge to determine amount of 
traffic during the recording time. 
The on-site DMI has a 32-channel capability and for the RRB Research Project 
Load Test, a second 32-channel DMI was rented from FISO Technologies, Inc. to be 
able to take full advantage of all working sensors. Out of the 81 sensors originally 
installed in the bridge, 53 were operational in April 2008. The 64-channels between 
the two DMIs allowed all 53 sensors to be recorded. The DMI was configured to 
record data as fast as possible, which ended up being every 4.8 seconds. Figure 14 
shows two UNH researchers setting up the DMI on the morning of the load test. 
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Figure 14: Load test researchers with DMI 
2.5 - Previous Work at Rollins Road Bridge 
Two previous load tests were performed at RRB, one in December 2000 and 
the other in August 2001 (Bowman, Yost, Steffen, & Goodspeed, 2003). Bowman's 
(2002) research investigated the performance of the CFRP and concrete deck. Small, 
single beam models were used to get transverse forces and moments over the beams. 
Mostly data-to-data comparison was used in her research. Up to this point, no model 
of the entire bridge has been created. Data from the previous research did not give 
"initial" strain gauge readings, as this was not needed at the time. This proved to be 
an issue when trying to compare the data to a predictive model. As future work, it was 
also noted that the effects of temperature on the response bridge should be examined 
(Bowman M. M., 2002). 
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CHAPTER III 
FIELD TESTING PROTOCLAND PROCEDURES 
An important part of SHM, with parameter estimation and model updating, is 
performing nondestructive load tests at the bridge to capture structural behavior. 
Nondestructive testing techniques apply a load to the bridge while keeping the 
response in the linear elastic range in order to not damage the structure or cause 
accelerated deterioration. While loads are being applied, measurements of structural 
response are recorded. These measurements are taken in a variety of different 
methods included strain, displacement, rotation, and acceleration. 
3.1 - Previous Load Tests 
Two load tests have been conducted at RRB as part of previous research 
(Bowman M. M., 2002). One load test was conducted 56 days after pouring the 
concrete in December 2000 to establish a comparative baseline for the analysis of the 
CFRP and deck behavior. Another load test was performed in August 2001 to observe 
the progress of the CFRP in the deck. Both tests were conducted by UNH with 
cooperation of the NHDOT. Since the tests were performed to observe CFRP and deck 
performance, the sensors in those locations became the focus of the load tests. Girder 
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gauge data was also captured for future use and prestress loss research. The type of 
analysis done on the measured response was data-to-data comparison without 
comparing to a predictive model. 
The truck used in the December 2000 load test had a gross weight of 75.6-kips 
(37.8-tons) while the August 2001 load test truck had a gross weight of 76.9-kips 
(38.45-tons). Actual wheel distributions can be seen in Table 5. Both of these trucks 
had three-axels, with each of the two rear axles containing four wheels. It was noted 
by the New Hampshire State Police personnel that weight of these trucks would have 
been over the legal limit for their configuration if they were not NHDOT trucks and not 
being used for a load test. 

























3.2 - April 2008 Load Test 
The load test for the Rollins Road Bridge Research Project was conducted on 18 
April 2008. The purpose of this load test was to collect data in a similar fashion to the 
previous load tests, while also collected data to be used for SHM. The biggest change 
between the 2000/2001 and the 2008 load test programs was the spacing between 
stop locations on the bridge. The 2000/2001 stop locations had to be close to the 
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CFRP and deck gauges to get accurate readings, while the 2008 load test was not as 
concerned with those local measurements and wanted to capture the global response. 
The difference between the two load test programs ended up being the removal of 
only a few stop locations. When researchers went to paint markings on the bridge for 
the 2008 load test, the old stop markings were still visible and a majority of the 2008 
load test markings correlated to previous markings. Rollinsford Police Department was 
used for traffic control on the bridge during the load test. No traffic was allowed to 
pass while strain readings were being taken, and traffic was allowed to pass when the 
truck was being moved. Three zero-load readings were also taken during the duration 
of the load test, which proved to be crucial in relating measured response to the 
monitoring model. The NHDOT Survey Crew used differential leveling to obtain 
displacement readings during the load test. 
3.2.1 - Truck Specifications 
This load test, like the previous two load tests was done in conjunction with the 
NHDOT. A two axle NHDOT Sand Truck, as seen in Figure 15 and Figure 16, was used 
for load application to the bridge. The wheel weights of the truck were taken in 
similar fashion to the previous load tests by the New Hampshire State Police Mobile 
Weigh Station, seen in Figure 16. The gross weight of the truck was 37.4-kips (18.69-
tons). This truck weighed less than requested weight of 35-tons; however the quality 
of the recorded data was acceptable. 
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Figure 16: Trooper Huddleston (NH State Police) taking NHDOT wheel load measurements 
The distribution of wheel loads can be seen in Table 5. Trooper Huddleston, 
the representative from the State Police, noted this truck would have been sighted as 
overloaded due to its current configuration, but was exempt because it is a NHDOT 
truck and part of a research project load test. Even though the truck was overloaded, 
it was still within the linear elastic range of behavior for RRB. Trooper Huddleston has 
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noted that the Haenni Scales, model #WL 101 (Haenni, 2008), have a variance of less 
than 1% and are tested and certified by the NH State Police. 
The dimensions for the truck were 14-feet 9-inches between the center of the 
front and rear wheel. The rear dual had a thickness of 1-foot 8-and->S-inches. The rear 
axel, center of dual to center of dual, length was 6-feet 2-inches. The front wheel had 
a thickness of 8-inches and the length of the front axle from center of wheel to center 
of wheel was 7-feet. 
3.2.2-Testing Plan 
The truck ran in the north-west direction and south-east direction a total of 
eight times, four in each direction. Two separate marking groups were laid out on the 
bridge. One group had a wheel directly on the girder and the other had the wheels 
straddling over a girder. Each group of markings was traveled two times per direction, 
two directions, equaling four times per marking group, two marking groups, a grand 
total of eight passes. Initial measurements for the markings were done using an 
estimated truck size, and the actual truck that was used for the load test was similar to 
those estimations. In runs one through four, the trucks wheels were on girders five 
and four. For runs five through eight, the trucks wheels straddled girder 4. All of the 
stop locations for the April 2008 load test can be seen in Figure 17. 
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Figure 17: April 2008 load test truck stop/analysis diagram 
3.2.3 - Snapshot Quality Assessment 
The reason for having two passes in one direction on one group of markings 
was originally for statistical purposes. However, this was the first time that 
researchers realized something was effecting the strain readings on the bridge instead 
of just the direction and size of load application. This was later determined to be 
temperature. Figure 18, Figure 19, and Figure 20 show CFRP, deck, and girder gauge 
strain values respectively for passes over the same grouping in the same direction. 
The CFRP and deck readings show there is a difference of 10-microstrain and 5-
microstrain in the girder gauge. If temperature was not an issue, and under original 
assumptions, these lines would have fallen right on top of each other. The effects on 
strain caused by temperature will be discussed in Chapter IV: Data Quality Assurance 
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Figure 20: Girder sensor recorded strain for two passes at same location, different time 
Out of the 56 stop points during the April 2008 load test, four points were used 
as the four modeled load cases. These stop points correlate to times there was 
temperature, strain, and deflection readings. The resulting load cases for the April 
2008 load test can be seen below in Figure 21, Figure 22, Figure 23, and Figure 24. 
Similar methodology was done to make four load cases for both the December 2000 
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Figure 21: Load case 1 April 2008 load test 
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Figure 24: Load case 4 April 2008 load test 
3.2.4 - Ambient Temperature Measurements 
Ambient air temperature and deck surface temperatures were taken during the 
duration of the load test. Ambient temperature measurements were included when 
creating the load test program in case, and as proved to be, temperature played an 
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important role in the structural response of the bridge. Deck surface, ambient air 
above, and below the deck temperatures were taken at the same interval, every 15-
minutes. Figure 25 shows the ambient temperature readings during the duration of 
the April 2008 load test. At the end of the load test there was about a 25°F 
temperature difference between above and below the bridge deck. 
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Figure 25: Rollins Road Bridge 2008 load test ambient temperature readings 
3.2.5 - Optical Displacement Measurements 
Optical displacement techniques were implemented during the load test. 
Several researchers from industry as well as two undergraduate researchers 
performed optical displacement field measurements. The two undergraduate 
researchers, Pat Nearing and Peter Krauklin, used this opportunity as a field test for 
their senior project. Rick Farad from River City Software in Exeter, NH and Ron 
Gamache of Transtech Systems, Inc., from Schenectady, NY were the industry 
researchers. The information obtained from these groups was not included in this 
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research; however these teams will use the survey displacement measurements to 
correlate back to the displacement obtained from the photographs. The goal of the 
optical displacement research is to find a financially viable and accurate way to take 
pictures of targets installed on the bridge during the load test, and after post-
processing the images obtain accurate displacement measurements. 
The undergraduate researchers from UNH had success in the laboratory and 
some difficulty with the field measurements. This difficulty could be due to field 
variables such as heat shimmer, settlement, and train vibrations. The optical 
displacement research will continue in conjunction with SHM projects at UNH. The 
results from the industry research partners have yet to be shared with the research 
group. 
3.2.6 - Global Displacement Measurements 
The Rollins Road Bridge has bolts installed to the underside of the girder and 
deck for purposes of taking displacement measurements. When planning the load 
test, researchers determined when the center of mass of the truck would be closest to 
the midspan of the bridge, therefore having the largest deflections on the single span 
structure. Displacement measurements were taken at five locations at the midspan of 
the bridge, on girder 5, bay 4, girder 4, bay 3, and girder 3. The NHDOT Survey Crew 
used a digital leveling rod to take the measurements. A NHDOT bucket truck was used 
to get a survey crew member up to the underside of the bridge, as seen in Figure 26. 
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Figure 26: Photo of load test while survey crew takes displacement reading 
Displacement readings are typically not used in SHM since they are highly 
reference dependent measurements. Strain and rotation are typically used to obtain 
structural response because they are not reference dependent. The repeatability of 
the deflection readings is limited due to factors including load truck vibration, wind, 
adjacent train, and measuring bucket stability. The deflection data can be seen below 
in Table 6, Table 7, and Table 8 and will be used for verification of the manually 
updated model as seen in Chapter VI: Manual Model Updating. 
Table 6: December 2000 load test elevations (Bowman M. M., 2002) 





































































Table 7: August 2001 load test elevations (Bowman M. M., 2002) 


























































Table 8: April 2008 load test elevations 































































DATA QUALITY ASSURANCE AND DATA QUALITY 
CONTROL 
Almost 2,000 data points per channel were collected on two DMIs recording 32 
channels of data, resulting in approximately 120,000 data points recorded over the 
duration of a three hour load test. This is a sea of data for any researcher, however 
the load test was organized in such a fashion that this sea of data was easily managed. 
There were two goals for the data collected from this field test. The first goal was to 
perform a data-to-data comparison, following work of previous researchers and 
checking the performance of the CFRP. The second goal was to process the data so 
that it could be used for manual parameter estimation in this research project as well 
as the first runs in the MUSTANG Research Project. 
4.1 - Data-to-data CFRP/Deck Analysis 
The data-to-data comparison was done to check the health of the CFRP, deck, 
and girder. This method was used by Martha Bowman and was used for this research 
project as requested by the NHDOT to ensure the visual inspection report matches the 
structural response for RRB. Strain data was graphed with respect to time and can be 
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seen in the following pages. Three gauges from each the CFRP, deck, and girder were 
chosen at random, while trying to get a variety of locations, to get a representative 
sample of the bridge. 
4.1.1 - CFRP Reinforcement Data-to-Data Comparison 
Figure 27, Figure 28, and Figure 29 show the data-to-data comparison of the 
strain sensors in the CFRP. For sensor the CFRP bottom grid station 2 above girder 5 
strain sensors data is below both the 2000 and 2001 test data, indicating no damage 
caused to the bottom grid, at station 2 above, girder 5 that would cause excessive 
strain. 
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Figure 27: CFRP bottom grid station 2 above girder 5 strain readings for all three load tests 
The sensor CFRP upper grid station 2 above girder 3 strain sensors shows the data 
starts below the December 2000 load test and then goes above that data. The data is 
still significantly lower than the August 2001 data, indicating no change to the upper 
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CFRP grid, at station 2, above girder 3. The slope of each line in this graph, and the 
following graphs, can be associated with the 6°F temperature change for December 
2000,16°F temperature change for August 2001, and the 19°F temperature change for 
April 2008. The difference in ambient temperature during the load tests correspond to 
the 2008 line having the greatest slope, followed by the 2001 line, and the 2000 line 
with the smallest slope. These graphs are at such a scale that the effects from the 
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Figure 28: CFRP upper grid station 2 above girder 3 strain readings for all three load tests 
The CFRP upper grid station 2 above girder 4 strain sensors shows the data is bounded 
by the December 2000 and August 2001 data, again indicating that the CFRP 
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Figure 29: CFRP upper grid station 2 above girder 4 strain readings for all three load tests 
4.1.2 - Concrete Deck Data-to-Data Comparison 
Figure 30, Figure 31, and Figure 32 show the data-to-data comparison for strain 
gauges embedded in the concrete deck. The bottom of concrete deck station 2 above 
girder 4 strain gauge shows the strain values for the April 2008 test fall directly above 
the December 2000 load test values, and significantly below the August 2001 data. 
This demonstrates that the concrete at station 2, above girder 4 has not changed 
significantly. 
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Figure 30: Bottom of concrete deck gauge station 2 above girder 4 strain readings for all three load tests 
The top of concrete deck station 1 above bay 3 strain gauge shows that the April 2008 
strain values fall below the strain values from both the 2000 and 2001 load tests, 
suggesting the concrete at station 1 above bay 3 has not experienced excessive 
deterioration. 
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Figure 31: Top of concrete deck gauge station 1 above bay 3 strain readings for all three load tests 
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The bottom of concrete deck station 1 above bay 3 strain gauge shows again that the 
April 2008 data falls below the 2000 and 2001 load tests, inferring the concrete at 
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Figure 32: Bottom of concrete deck gauge station 1 above bay 3 strain readings for all three load tests 
4.1.3 - Girder Data-to-Data Comparison 
Figure 33, Figure 34, and Figure 35 show the strain values for the December 
2000, August 2001, and April 2008 load tests in the HPC NEBT girders. The girder 5 top 
gauge shows that the strain values are bounded by the 2000 and 2001 data, indicating 
no excessive change in moment of inertia, area, or modulus of elasticity to warrant 
excessive strain or change in structural behavior. 
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Figure 33: Girder 5 top gauge strain readings for all three load tests 
The girder 4 top gauge shows again that the data is bounded by the previous two load 
tests suggesting no deterioration or change in structural behavior. 
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Figure 34: Girder 4 top gauge strain readings for all three load tests 
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The girder 3 top gauge shows the April 2008 strain values fell below both the 
December 2000 and August 2001 load test data, showing less strain and indicating no 
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Figure 35: Girder 3 top gauge strain readings for all three load tests 
4.2 - Discussion of Data-to-Data Comparison 
All of the data-to-data comparisons show the structural behavior at RRB was 
not in excess. The data shows the April 2008 is either bounded by the previous two 
load tests or below. It is difficult to do a more comprehensive data-to-data 
comparison, because so many factors changed between the 2000/2001 and 2008 load 
tests: the gross weight of the truck used for the April 2008 load test was about half of 
the truck weight used in the previous two tests, the stopping locations between the 
2000/2001 and the 2008 tests were similar but not exactly the same, temperature also 
continues to show its effect on the structural response of the bridge, the slopes of the 
lines from year to year seem to vary in some gauges looking at the data, and the 
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change in ambient temperature in the December 2000 load test was 6°F, while the 
change during the August 2001 load test was 16°F, and change during the April 2008 
load test was 19°F. This temperature differential between the beginning and end of 
load test and resulting trend in the increasing slope of the strain lines can be seen in 
the data-to-data comparison graphs. Figure 36 provides a graphical representation of 
the ambient temperatures recorded during all three load tests by Bowman (2002) for 
the 2000 and 20001 load tests and by undergraduate researchers for the 2008 load 
test. 
The change in temperature to slope relationship mentioned above and when 
discussing the CFRP data-to-data comparison is shown most in the CFRP strain gauges. 
The deck and girder sensors, while following a similar trend in different slopes do not 
correlate to the change in temperature over the duration during the load test as well 
as the CFRP gauges do. 
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Figure 36: Ambient temperature readings for all three load tests 
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4.3 - Environmental Effects on Bridge Response 
Just by taking a quick look at the data-to-data comparison of strain values, a big 
effect can be seen between the different load tests that cause the strains to be so 
different. Figure 37 shows the strain readings for girder 3 and girder 4 over the 
duration of the December 2000 load test. The graph shows peaks when the truck was 
on the bridge causing a change of about 6-microstrain. However, over the 4-hour 
duration of the load test there is a change of 20-microstrain. 
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Figure 37: Strain readings from girder 3 and girder 4 over the duration of the December 2000 load test 
to show difference between thermal effects and load application 
A similar trend is seen in the April 2008 load test data, even with the smaller 
truck load there was a change in strain due to load application of 3-mircostrain while 
the change in strain during the 2.5-hour duration of the load test was around 25-
microstrain. This shows an environmental effect, temperature, is masking the change 
due to a 19-ton, technically overloaded, truck passing over and resting on the bridge. 
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One benefit at RRB is temperature sensors are installed inside the bridge deck 
and girders. As discussed in the introduction, changing ambient temperature to 
material temperature is a source of research and ambiguity in SHM. At RRB, the 
temperatures of the deck can be measured directly and then correlated to strain 
values at any moment in time. Once it was determined the change in strain and 
structural response was heavily influenced by environmental effects, including 
temperature, it was decided that these effects must either be included in the 
SAP2000® model of the bridge or removed from the data to allow an accurate 
modeling of behavior and response for RRB. 
4.3.1 - Removal of Strain Caused by Environmental Factors 
One option for dealing with environmental strain, including thermal strain, was 
to remove it from the data, leaving strain caused solely by load application. Removing 
strain caused by environmental effects, including temperature, removes any ambiguity 
on what the values for material coefficient of thermal expansion are, how to 
accurately model the behavior of temperature and humidity, how to accurately 
capture that behavior, and any modeling errors associated with modeling temperature 
change. During the April 2008 load test, zero-load readings were included in the load 
test plan. These zero-load readings were included to record the impact of 
environmental effects during the duration of the load test. Due to time constraints, 
only three points were taken, two towards the beginning of the load test and one at 
the end. The zero-load reading meant the load truck and all traffic were not on the 
bridge, and the strain and survey measurements were taken. The purpose of these 
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three points is to see only change in strain or displacement on the bridge caused by a 
change in temperature. 
One strain gauge from girder 3 and one strain gauge from girder 4 will be used 
in the demonstration on how environmental effects can be removed from the data. 
Figure 38 and Figure 39 show the girder 3 and girder 4 strain values, respectively, 
during the duration of the 2008 load test. A linear trend line is also shown, connecting 
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Figure 38: Girder 3 top sensor raw data from April 2008 load test, with three zero-load data points and 
trend line included 
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Figure 39: Girder 4 top sensor raw data from April 2008 load test, with three zero-load data points and 
trend line included 
Table 9 shows the three times and coordinating strain values at the zero-load readings. 
From this point forward, all data will be plotted as relative strain for ease of 
comparison between conventional corrected, empirically corrected strain, and raw 
data. This means a point was chosen as a baseline, and all data was compared to that 
value for each gauge. The strain values in Table 9 are caused solely by the change in 
temperature since no load applied at those times. Once thermal effects are removed 
from the data, all three strain readings should read zero. 
Table 9: Girder 3 and Girder 4 strain readings at point of zero-load 
Relative Zero Points G3 
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4.3.2 - Conventional Thermal Correction 
The conventional thermal strain equation can be seen in Equation 2, where a is 
the linear coefficient of thermal expansion, AT is the change in temperature, L is the 
original length of the member, and <5Tis the algebraic change in length of the member 
(Hibbler, 2005). 
Equation 2: Conventional thermal change in length equation (Hibbler, 2005) 
ST = aATL 
Bowman (2002) examined the difference between the compensated and non-
compensated strain gauges. The coefficient of thermal expansion of the compensated 
gauge is similar to the substrate in which it is embedded. All of the gauges used in this 
research project are non-compensated, meaning a slight correction must be 
performed to remove th'e expansion of the gauge due to temperature change. 
Bowman (2002) obtained the equation for this correction from ROCTEST, seen in 
Equation 3. 
Equation 3: ROCTEST correction equation (Bowman M. M., 2002) 
SWAD = (A -Lo)+(a-g -aXTl ~To) 
where, 
£LOAD '• R e a ' strain, mechanic strain due to applied load 
(relative strain) 
L{: Reading from strain gauge 
Z0: Initial reading from strain gauge 
ag: Thermal expansion coefficient for the gauge (0, if 
gauge is not compensated) 
as: Thermal expansion coefficient for substrate on 
which gauge is fixed (4.4xl06 /°F (Bowman, 
2002)) 
Tx: Temperature reading of structure 
TQ: Initial temperature reading of structure 
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Equation 2 is used to calculate change in the structure as a whole. Equation 3 is used 
to provide a numerical quantification for the difference in thermal expansion of the 
stainless steel gauge material and the concrete in which it is embedded. 
Using Equation 3, the internal temperature readings from the temperature 
sensors and taking the first zero-load reading for L0 and T0, the conventional thermal 
correction is applied. The results from the correction can be seen in Figure 40 and 
Figure 41. 
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Figure 40: Girder 3 top sensor raw and theoretical data from April 2008 load test, with three zero-load 
data points and trend lines included 
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Figure 41: Girder 4 top sensor raw and theoretical data from April 2008 load test, with three zero-load 
data points and trend lines included 
In the graphs above, it can still be seen that temperature effects are masking load 
application. Table 10 shows a similar table as shown before of the strain readings at 
the three zero-load times. There has been a reduction in strain values, however if all 
temperature effects were properly removed, these values should all read zero. Also, if 
the temperature effects were removed, the trend line for zero-load points shown in 
the graphs should lay along the x-axis (time axis). 
Table 10: Girder 3 and Girder 4 conventionally corrected strain readings at point of zero-load 
Conventionally Corrected Zero Points G3 
Time Strain (us) 
9:39:30 . -2.13 
9:53:30 -0.02 
11:49:30 23.77 
Conventionally Corrected Zero Points G4 




4.3.3 - Empirical Thermal Correction 
Since the conventional thermal correction did not obtain the desired results, 
researchers investigated a more empirical method to remove temperature. This 
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method was fairly simple to formulate since there were three zero-load points 
recorded for the April 2008 load test. Using these three points, the data can be 
accurately corrected to remove temperature effects and show the bridge response 
caused only by applied loads. The idea behind the correction is simple and goes along 
with the desired results from the previous correction. The three zero-load strain 
values are desired to be zero and the slope of the trend line for the zero-load strain 
readings should be zero. Using these two basic ideas, the effects of the slope, 
temperature, can be removed from the data and all the desired results should be 
achieved. 
Using statistical methods, a confidence interval (CI) of 95% on the mean 
reading during the zero-load times, the correction was applied and the results can be 
seen in Figure 42 and Figure 43. The previous correction data was included in these 
graphs to show the change in data. 
Girder 3 Raw, Theoretical, and Empirical Data 
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Figure 42: Girder 3 top sensor raw, theoretical, and empirical data from April 2008 load test, with three 
zero-load data points and trend lines included 
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Figure 43: Girder 4 top sensor raw, theoretical, and empirical data from April 2008 load test, with three 
zero-load data points and trend lines included 
These graphs show the reduced overall slope of the zero-load trend line as well as a 
much clearer visual representation of load application over the duration of the load 
test. Table 11 numerically confirms that the temperature was properly removed from 
the data, as the strain values are close to zero. If more zero-load points were taken, 
the accuracy of the technique would improve. This data looks like the expected 
response before it was seen how much of an effect temperature had on the structural 
response of the bridge. 
Table 11: Girder 3 and Girder 4 empirically corrected strain readings at point of zero-load 
Empirically Corrected Zero Points G3 
Tirrie Strain (lie) 
9:39:30 0.42 
9:53:30 . -0.50 
11:49:30 0.29 
Empirically Corrected Zero Points G4 




Further verification of the method can be seen in Figure 44 and Figure 45, where the 
truck position is included in the strain plots. There are two spikes seen in the data 
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between 11:00 and 11:30 where it was noted by researchers that two large 18-
wheeler trucks passed over the bridge. This spike is seen higher on girder 3 than girder 
4 because the truck passed over girders 1 and 2 which is adjacent to girder 3. 
Girder 3 Empir ical Data and Truck Locat ion 
V 
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Figure 44: Girder 3 top sensor empirical data with truck position from April 2008 load test 
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Figure 45: Girder 4 top sensor empirical data and truck position from April 2008 load test 
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4.3.4 - Discussion of Thermal Correction Techniques 
A difference can be noted between the two sets of corrected data which after 
thinking about the method and reason for the correction is not so striking. The 
equation for the conventional correction requires a coefficient of thermal expansion. 
The value used in the analysis was the coefficient of thermal expansion for the high 
performance concrete where the gauge was installed. Like with any bridge component 
and the analysis of that component, applied loads are not just taken by one part of the 
bridge, they are taken by the entire bridge as a whole. Instead of calculating 
participation factors and a coefficient of thermal expansion for the entire bridge, 
empirical correction methods can successfully be used to remove temperature from 
the strain data. 
The empirical correction more accurately reflects actual conditions at the 
bridge and removes unknown components associated with theoretical assumptions. 
Performing the empirical correction also takes into account all possible environmental 
effects that could cause a change in structural behavior at the bridge, such as humidity 
and even soil conditions as the temperature changes throughout the day. The 
empirical method can be done with little calculation and only requires having several 
zero-load readings included in the load test program. Once all temperature effects are 
properly accounted for in the load test data, a more effective model updating and 
parameter estimating process can take place. 
Unfortunately, only the April 2008 load test took advantage of recording 
several zero-load readings during the load test. The December 2000 and August 2001 
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load test did have a zero-load reading, although not enough to get an accurate trend 
of temperature throughout the load test. For this reason, only the April 2008 load test 
data will be used to update the bearing pad stiffness values for the manual model 
updating portion of this research. 
Figure 46 and Figure 47 show the raw and empirically corrected data along with 
the four load cases removed for manual model updating. These four load cases 
correspond to when the truck is located close to the center of the bridge and where 
survey measurements were recorded. 
Girder 3 Raw and Empirical Data and Load Cases 
1 35.00 
i 30.00 
Figure 46: Girder 3 raw and empirical data with manual model updating load cases 
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Figure 47: Girder 4 raw and empirical data with manual model updating load cases 
A similar correction that was applied to the Girder 3 and Girder 4 sensors was 
also applied to the girder 5 top and girder 5 middle sensors. Figure 48 and Figure 49 
show the raw, theoretical, and empirical data for girder 5 top and girder 5 middle 
sensors respectively. 
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Figure 48: Girder 5 top raw, theoretical and empirical Data from April 2008 load test, with three zero-
load data points and trend lines included 
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Figure 49: Girder 5 middle raw, theoretical and empirical data from April 2008 load test, with three 
zero-load data points and trend lines included 
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Similar to the load cases pulled from the girder 3 and girder 4 empirically corrected 
data, four load cases at the same time were created from the girder 5 top and girder 5 
middle empirically corrected data, see Figure 50 and Figure 51. 
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Figure 50: Girder 5 top raw and empirical data with manual model updating load cases 
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Figure 51: Girder 5 middle raw and empirical data with manual model updating load cases 
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4.3.5 - Interpretation of Results 
In all of the measured data, it can be seen that there is a general positive slope 
in the line with consistent variations. These variations are times that the load test 
truck is on the bridge. The values spike back up to the zero-load line when the truck is 
driven off of the bridge, when it is turning around preparing for the next run. Figure 
52 shows a snapshot, for example, from the girder 3 output. The graph shows the 
empirically corrected data which includes spikes due to traffic being allowed to pass 
between runs, strain values obtained from SAP2000® at the seven stop locations, and 
the empirical values at those same seven stop locations. Refer to Figure 17 for the 
stop locations on the bridge plan. 
Girder 3 Empirical Data, Truck Location, and Modeled Response 
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Figure 52: Truck run #3 snapshot for girder 3 with empirical data including traffic, modeled values at 
stop locations, and empirical values at stop locations 
Between each stop location, traffic was allowed to pass on the opposite side of 
the load test truck which accounts for the spikes seen between the time which the 
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truck is stopped at each location. The linear trend for points two through four can be 
related back to the linear correction performed on the measured response data. The 
modeled strain values from stop five to stop seven reverse slope and go higher, which 
makes sense since the center of gravity of the truck has passed the centerline of the 
bridge past those points. This is seen in the empirical data, however not as much and 
that could be contributed to the linear correction not accurately capturing that portion 
of the data. If more zero-load readings were taken, it could be possible to perform a 
polynomial fit and therefore correction that would obtain a more accurate set of 
empirically corrected data. 
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CHAPTER V 
MODELING PROTOCOL FOR ROLLINS ROAD BRIDGE 
A goal of the Rollins Road Bridge Research Project is to create an analytical 
predictive monitoring based model to accurately capture the behavior of the bridge. 
While creating the model, researchers ensured usability was maintained and that tools 
available for the creation and use of the model were incorporated. Two different 
programs were looked at for modeling, GT Strudl® and SAP2000®. Specific structural 
properties such as carbon fiber reinforced polymers in the concrete deck, the New 
England Bulb Tee Girder, prestressing pattern, and the steel reinforced elastomeric 
bearing pad were included in the model. Five special topic studies were also done to 
verify results and ensure that the desired results were being achieved. 
5.1 - Program Selection 
Modeling is an important part of a value-added SHM program. A project goal 
was to pass a model along to the NHDOT for use in developing their internal SHM 
program. Due to this, it was important to use a modeling program that the personnel 
at the NHDOT were already familiar with. The NHDOT currently owns both GT Strudl® 
and SAP2000®. Therefore, these two programs were the two primary software 
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packages investigated for modeling RRB. GT Strudl® Version 28 was first used by the 
research group for this project. 
One big draw to GT Strudl® in the beginning was the ability of the program to 
directly export the stiffness of modeled structures. GT Strudl® is a command driven 
program which leads to some advantages and disadvantages. The advantages include 
the ability to make changes to a text file, which would then be run to update the 
model instead of having to find specific nodes or elements in a graphical user interface 
(GUI) to change properties. Using the text file also presented some challenges; 
anything that needed to be modeled must be first written out or done in a basic GUI. 
Due to some difficulties in using GT Strudl®, SAP2000® was investigated further and it 
was determined that SAP2000® also has the capabilities to export the stiffness matrix 
of modeled structures. 
SAP2000® contains an advanced programming interface (API) which would 
allow for a seamless integration between SAP2000® and a MATLAB® based parameter 
estimation program currently under development at UNH called MUSTANG (Model 
Updating STructural ANalysis proGram). GT Strudl® does not have these API 
capabilities. MATLAB® and SAP2000® are also industry partners which also makes 
programming MUSTANG much easier. Another huge benefit of SAP2000® over GT 
Strudl® is contains the Bridge Information Modeler (BrIM™) which is a GUI, step-by-
step wizard that allows user to construct a bridge model. 
The BrIM™, a portion seen below in Figure 53, allows for an easy graphical 
creation of the bridge model. Users can decide whether to create a basic or complex 
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bridge model using the BrIM™. The BrIM™ also offers the NHDOT a friendly module 
that can be used for model creation of different bridge types. SAP2000® has the ability 
to view the model as a stick model or extruded, where the actual appearance and 
thickness of different elements are seen. This makes the model more visually 
appealing, adding value to the use of SAP2000®. 
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Figure 53: SAP2000® Bridge Modeler (SAP2000, 2007) 
In the model creation portion of the BrIM™, the amount of discretization for 
size of shells in deck and amount of discretization in the girders are user defined 
variables. Once the base model is created using the BrIM™, the model can be 
modified through property and material definitions as seen fit to transform the model 
from a design model to a monitoring model. Benefits to using SAP2000® including 
usability, appearance, linkability between SAP2000® and MATLAB®, ease of creation, 
and a more advanced user interface made clear the selection of SAP2000®. 
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5.2- Initial Modeling 
The first analytical model of RRB was created in GT Strudl®, modeling the NEBT 
as frame elements and the deck as shell elements, as seen in Figure 54. The original 
plan was to put a considerable amount of time into node creation and load position 
correlating to the load test so that the weight of the truck can easily be transferred to 
the modeled deck through nodes. Nodes were specifically created at the point of 
truck load application. The material properties in the GT Strudl® model were user 
defined, but not applied easily. The need for several calculations to get the correct 
elements modeled correctly made it tedious, and then the element did not show up as 
a visual representation. 
In order to model the NEBT section properly in GT Strudl®, wide flange section 
properties had to be modified to match that of the NEBT. There was also difficulty in 
trying to get the bridge deck and NEBT frame members to act in composite action. The 
use of "master" and "slave" joints was attempted, however that was not successful 
because the joints on the edges of the deck were not associated with a girder 
underneath, so they did not deform with the rest of this structure. During the time 
when the problem was being investigated, the decision to use SAP2000® was made. 
The time to create a comparable model using the SAP2000® BrIM™ took about 15 




Figure 54: GT Strudl® bridge model (GT Strudl, 2007) 
isjtirifmk 
Using SAP2000® and the BrIM™, the end model was visually appealing, 
relatively easy to create, and results were accurately and easily obtained. The original 
plan for modeling was to create three models; model 1 having the girder as frame 
elements and the deck as shell elements, model 2 having the girder as frame elements 
and the deck as brick elements, and model 3 having the girder and the deck modeled 
as brick elements. 
5.3 - Modified Modeling Plan 
Once the research project was underway, the initial model planned was 
refocused on including specific elements and environmental impacts. The goal of 
creating a usable model for the NHDOT SHM program was still maintained, however 
the focus of that model was slightly modified. The first model, GT Strudl® model, was 
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used for comparison between the software programs. The second model was created 
using the BrIM™ in SAP2000®. 
Once the design based model was created using the BrIM™ to a degree of 
satisfaction, the bridge modeler was turned off, allowing researchers take full control 
of element properties included in the model. The use of the BrIM™ takes full 
advantage of all the research done by Computer & Structures, Inc. (CSI) for the 
creation of the base bridge model and then allows researchers to build upon that 
model to reach the final goal. Structural components included in this monitoring 
model were prestressing tendons in the girder, CFRP reinforcement in the deck, the 
bridge rail, and boundary conditions modeled as springs with prescribed stiffness. 
5.3.1 - Modeling the CFRP Reinforce Concrete Deck 
The deck was modeled using design plans for RRB and measured distances 
(Bowman M. M., 2002). No as-built drawings were available for this bridge deck, so 
between Bowman's (2002) data and the design plans, researchers felt fairly confident 
in the dimensioning for the deck. CFRP reinforcement in the deck was included once 
the bridge modeler was turned off and the type of finite elements used for the bridge 
deck was changed from shell elements to layered shell elements. The deck of RRB 
contains two layers of CFRP reinforcement, one above and one below the centroid of 
the deck section. 
In order to correctly model the CFRP material, the material specifications, 
modulus of elasticity, and density were obtained from previous work (Bowman M. M., 
2002) (Trunfio, 2001). The thickness of the CFRP throughout the entire width of the 
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deck was maintained to keep the correct moment of inertia in the transformed section 
and having the ability to model it in SAP2000®. Since the layered shell material was 
throughout the entire thickness, not just present every 6-inches, the modulus of 
elasticity was transformed to capture the same behavior as it is placed in the bridge. 
The modification was achieved by taking a ratio between the actual area of CFRP in the 
cross section and the modeled area and then reducing the modulus of elasticity for the 
layer. A graphical representation of the steps list above can be seen in Figure 55 and 
calculations are contained in Appendix A - CFRP Reinforcement Calculations. Figure 56 
shows the SAP2000® shell section layer definition window and how the material 
properties, distance, and thickness were specified. 
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Figure 55: Graphical representation of how CFRP is modeled as layered shell element 
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Figure 56: Layered shell properties for RRB deck (SAP2000, 2007) 
5.3.2 - Modeling the Prestressed/Precast/HPC NEBT Girders 
The SAP2000® BrIM™ contains preloaded concrete girder sections. Those 
sections can be used or modified depending on the properties of the girder located at 
the bridge. This was one big benefit to using SAP2000®, and it contains all of these 
different options which makes model easy for all bridges, not only RRB. GT Strudl® 
does not have the capabilities to import such sections into the program, the company 
was contacted and they explained that it was not under the scope of their program. 
Figure 57 shows the preloaded AASHTO PCI bulb tee included in the BrIM™ with the 
modified dimensions to match that of the NEBT. 
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Figure 57: Preloaded.NEBT section in SAP2000® 
Prestressing tendons were included in the RRB model to accurately capture the 
bending behavior of the girders. SAP2000® has the ability to add strand patterns, see 
Figure 58. The two deflection point pattern used at RRB was one of the many options 
in the BrIM™. The design plans were used for all of the stressing, arrangement, and 
steel specification information. Losses were calculated using the AASHTO Bridge Code 
(AASHTO, 2004). The use of these values was validated through NCHRP Report 496 
which looked at the actual losses at RRB and compared them with losses calculations 
using AASHTO (Tadros & Al-Omaishi, 2003). During fabrication, special care was taken 
to ensure that the strand pattern was accurately laid out, as prescribed in the plans, 
and researchers were present at time of prestressing and pouring of the precast 
girders to ensure compliance. Due to the research driven nature of this project, there 
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was extra control in all aspects of construction, which allows researchers a high level of 
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Figure 58: SAP2000® bridge tendon layout (SAP2000, 2007) 
5.3.3 - Modeling the Steel Reinforced Elastomeric Bearing Pad 
Steel reinforced elastomeric bearing pads support the Rollins Road Bridge on 
the abutments which transfer all loads into the ground. The bearing pads have three 
different possible directions of motion, as seen in Figure 59, caused by axial load, shear 
forces, and rotation. 
Axial Load 
Rotation 
Figure 59: Deformations of a laminated elastomeric bearing pad (Stanton, Roeder, Mackenzie-
Helnwein, White, Kuester, & Craig, 2008) 
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The steel reinforced elastomeric bearing pads were a focus of this research, 
because there is not a conventional equation to calculate the horizontal stiffness, 
which will be discussed in detail in this section. Visual inspection showed no cracking 
or deterioration in the deck or girders. Representatives from D.S. Brown, Inc. have 
stated that the elastomeric bearing pads have a service life of up to 75-years. 
Research has been conducted beyond the initial research performed by AASHTO on 
both the axial and rotational stiffness of steel reinforced elastomeric bearing pads in 
order to develop bearing pad stiffness (Stanton, Roeder, Mackenzie-Helnwein, White, 
Kuester, & Craig, 2008). This research and physical testing, has resulted in two 
equations, seen in Equation 4 that can be used to calculate axial and rotational 
stiffness for one layer of the elastomer. Combining the layers of elastomer and steel 
together results in an overall stiffness for the bearing pad (Stanton, Roeder, & 
Mackenzie-Helnwein, 2004). Calculations of the bearing pad stiffness can be seen in 
Appendix C - Calculation of Reinforced Elastomeric Bearing Pad Stiffness. 
Equation 4: Axial and rotational stiffness of one layer of elastomer (Stanton, Roeder, & Mackenzie-
Helnwein, 2004) 
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A total often, 16-inch diameter, steel reinforced elastomeric bearing pads are 
installed at RRB, one at each end of each girder. The bearing pads allow slight vertical 
compression while allowing the beam to rotate. Modeling spring boundary conditions, 
via links, in SAP2000® is also fairly simple. The BrIM™ allows for several different types 
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of boundary conditions to be used, from traditional fixed or pinned connections, to 
user defined links. When links are used, the user is allowed to specify stiffness in all 
directions, as seen in Figure 60. Links are used because they can be updated in the 
model updating process and more accurately capture the behavior of the actual 
bearing as opposed to a pinned or fixed condition. In the U2 directions (translation 
parallel to the abutment) a stiffness of 1.000E+09 is used to show fixity in those 
directions and in the Rl and R3 directions (rotation about a line normal to the 
abutment and about a vertical line) a stiffness of 1.000E-09 is used when rotational 
stiffness is not included. These values are specified instead of using the option to be 
fixed or free in the SAP2000® program window because using those options caused 
numerical instability in the analysis. Using values that accurately represent fixed and 
free did not cause the numerical instability but essentially gave the same response. 
Figure 60: Stiffness parameters for modeled reinforced elastomeric bearing pad (SAP2000, 2007) 
Stanton et al. (2008) has equations to calculate axial and rotational stiffness of 
the elastomeric bearing pads, however does not provide equations for the calculation 
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of horizontal stiffness caused by shear effects. That value is what was used in the 
manual parameter estimation exercise for this research. 
5.3.4 - Modeling the Bridge Rail 
The bridge rail at RoNins Road Bridge is a cast-in-place concrete rail. The use of 
concrete bridge rails is replacing the conventional aluminum/steel guardrail for NHDOT 
bridges. The rail will be modeled as a frame element and connected to the bridge deck 
through links since, as seen in Figure 61, it is connected to the bridge deck using 
stainless steel reinforcement. 
• STAINUSS 
F-P* HWP« i iRAII SSID _ 
ieir» AS re«;iihF» ro 
PLACIl I'frOrtcriVC SCRttN NG ""-x, 
BASE Pt*TE , f g g _ 
SECTION B-B 
SCAtts I " = l*-C* 
Figure 6 1 : Section view of bridge rail connection to bridge deck (NHDOT Bureau of Bridge Design, 1999) 
5.4 - Special Topic Studies 
Five special topic studies were conducted during this research project. Special 
studies are meant to examine specific, smaller issues that affect modeling. The studies 
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try and ensure that the behavior is being properly captured or help find a more 
universal way of doing a process that makes modeling easier. Special studies tie into 
the goal of maintaining model usability while enhancing capabilities. The five studies 
include hand calculations to verify the SAP2000® model, hand calculations to verify 
strain obtained from the SAP2000® model, looking at the stiffness matrix export from 
SAP2000®, looking at an easier way for load application, and looking at the different 
ways to apply thermal load in the model 
5.4.1- Hand Calculation Verification of SAP2000® Model 
The structural properties included in the model are known to a high degree. 
However, including these structural properties without any verification would make 
that data blindly valid. Several steps were taken to verify the bridge was being 
properly modeled, and the desired results were being extracted from the analysis. To 
do this verification, hand calculations were performed using structural analysis and 
bridge design techniques to obtain numerical results to then compare to the SAP2000® 
output. The model that was used in these hand calculations and modeled separately 
from the RRB model in SAP2000® was a reduced model. The model was reduced for 
ease of hand calculation, and because this is a verification. The hand calculations 
would be tedious to verify the entire bridge model, however if individual components 
are verified, it can be assumed that the model as a whole is performing as desired. 
This reduced model maintained the geometry of RRB was simply supported and 
did not have the prestressing forces. The prestressing loads and strand pattern were 
known to a high degree of certainty. In hand calculations, as assumed with the NDT 
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load test, the bridge remains in the linear elastic range which also simplifies 
calculations. The CFRP remained in the model for hand calculations to ensure it was 
modeled properly using transformed sections. The base material for the transformed 
section was the girder concrete, and the deck and CFRP were transformed. In the 
hand calculations, a point load of 100-kips was placed at the midspan of the 
transformed section. A similar load was placed in the SAP2000® model, discritizing the 
point load along the width of the bridge deck to total the 100-kips put in the hand 
calculations. All of the hand calculations can be seen in Appendix D - Calculations for 
Model Verification. Both deflection and strain measurements were calculated and 
compared to the SAP2000® model. The results of the hand calculation versus 
SAP2000® can be seen in Table 12. 











With this information, as well as all of the details included in the model listed above, 
researcher had a high confidence in the accuracy of the model of RRB. 
5.4.2 - Obtaining Strain from SAP2000® Model 
In order to compare the data from the SAP2000® model to the measured 
response, an important calculation had to be performed. The output from the beam 
elements, the girders, in SAP2000® is only displacements, axial force, bending 
moment, and shear. These outputs values must then be translated into strain. 
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Initially, researchers used axial force and bending moment in the girder and then using 
the geometry of the girder transformed those values into strain. After a close 
examination of these values, it was determined that they did not accurately capture 
the composite action, between slab and girder, occurring at the bridge. 
Several other methods to get strain were thought of, including re-modeling the 
entire bridge using solid elements, in which strains can be taken directly. However 
that method would require entirely remodeling the bridge in a much more difficult 
fashion, reducing the usability of the model. It was finally determined that the 
displacement of the deck and girder could be manipulated to find strain values. Since 
the behavior exhibited by the bridge is within the linear elastic range of the material, it 
can be assumed that the strain is linearly varying throughout the depth of the bridge. 
Using this principle the deflection, both x and y, values from SAP2000® can be 
extruded for the nodes that comprise the deck above the sensor location, as well as 
the nodes that comprise the girder at sensor location. Once these values are obtained, 
and the initial values are known, strain at the deck level and girder center line can be 
calculated, and then linear interpolation allows finding the exact strain value at the 
depth of the strain gauge. Figure 62 shows a basic diagram on how strain is calculated. 
Knowing the new and original length of both elements, the difference between new 
and original length over the original length equals the strain value at the deck and 
girder levels. This can then be transformed to any depth in the bridge cross section. 
Sample calculations to obtain actual strain values can be seen in Appendix E - Strain 
Calculations. 
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Figure 62: Strain calculation diagram 
5.4.3 - Stiffness Matrix Export 
The capability for SAP2000® to export the stiffness matrix of models was an 
important characteristic for choosing SAP2000®. This special topics study was done to 
verify the output from SAP2000® compared with conventional stiffness calculations. 
This was done by comparing the SAP2000® output to hand calculations using matrix 
structural analysis techniques. A simple cantilever beam was modeled in SAP2000® 
with a distributed load. The same cantilever beam was analyzed using matrix 
structural analysis, and the results were compared. An illustration of the cantilever 
beam a,nd both hand (MATLAB®) and SAP2000® outputs can be seen in Figure 63. 
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MATLAB® Output-
[ft] = (ls8) • 
0.02 Si 0 0 
0 0.0003 -0.0353 
. 0 -0.0353 5.6550. 
SAP2000® Output 
M =(le8) 
0.025133 0 0 
0 0.000275 -0.033023 
0 -0.033023 5.37648 
Figure 63: Modeled cantilever beam with MATLAB* and SAP2000® stiffness matrix output 
The output from both methods compare within a reasonable accuracy. This matching 
of stiffness matrices will allow for the programmers of MUSTANG to take full 
advantage of the exported stiffness matrix from SAP2000®. This tie eliminates the 
need for a parameter estimation program to develop its own stiffness matrix. It also 
takes full advantage of the time and research taken place for the development of 
SAP2000® to model such integrate structures and export the stiffness matrix. 
5.4.4- Load Application 
Typical load application is achieved by applying a load to a node in the model. 
The BrIM™ has a predetermined pattern for creating joint locations in the bridge 
model, not necessarily where the truck will be. A similar problem was seen in the GT 
Strudl® model, and the solution was to place nodes where there was a point of load 
application. That led to confusing creation of shell elements to get a solid deck. There 
could be an infinite number of different locations for load application during a load 
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test that may not necessarily already be a point. Typical load application is done by a 
truck, which in realty are applying the wheel loads over an area. Trying to get these 
loads modeled properly on the shell elements proved to be a challenge. 
If a finite element mesh was created and the area loads were applied to this 
separate mesh, resultant forces could be calculated at points of actual node locations 
on the bridge. A fine mesh, using 3-inch spacing, was created to obtain the force 
resultants. Once this mesh was created, it could be moved to any place on the bridge 
to find resultant forces. This universal method proved to be useful during the analysis 
portion of this research project, allowing loads to be applied in different locations on 
the bridge depending on the specific load case. Once the mesh was moved to the area 
of load application, the equivalent area loads were applied to the mesh model, and the 
two existing nodes on the deck were selected as boundary conditions in the mesh 
model. This was done for all areas of load application and the mesh model was run. 
The resulting reaction forces from the mesh model where then applied to the deck 
nodes, as seen in Figure 64. 
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Figure 64: Truck load mesh to bridge deck graphic 
The use of force resultants can be done because the focus of the load tests was 
to look at the overall effect on the bridge. The sensors used in the analysis were in the 
girders, so local effects from the truck wheels were not of concern. It also takes full 
advantage of using the BrIM™, while still being universal enough to apply loads to 
existing nodes at any location on the bridge. Future analysis and load tests at UNH will 
use this method. 
5.4.5 - Thermal Load Application 
A special topics study was performed by an undergraduate research assistant, 
Jake Carmody, to validate the behavior of a beam under thermal loading in SAP2000®. 
Jake performed typical hand calculations to determine the displacement of a uniform 
beam. He then used those hand calculations as a benchmark to compare two 
SAP2000® models. Jake modeled the beam as a shell element and solid elements. The 
displacement calculated from hand calculations was 0.0264-inches, the shell element 
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beam had a displacement of 0.0277-inches, and the solid element beam had a 
displacement of 0.0265-inches. All well within a 5% difference which is acceptable for 
these types of calculations. Figure 65 shows an example SAP2000® output for the 
analysis done during the temperature special study. 
Figure 65: Sample output from SAP2000® for temperature special study 
5.5 - Use of Rollins Road Bridge Load Test Data 
The Rollins Road Bridge provides an invaluable field lab and research facility to 
collect structural response data. The original 2000 testing and instrumentation 
programs for RRB did not include long-term SHM. For this reason, there was difficulty 
using the previous load test data since initial strain values were not known. Since 
initial strain values were unknown, it was hard to determine the change in behavior 
from an "initial" state to the state during the load test. The definition of initial is also 
an arbitrary choice. There really is no time in the bridge's life that can be used as an 
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initial state since it is not created perfectly in a vacuum. If a strain reading right before 
the bridge was opened to traffic was obtained, that could have been used as the initial 
reading providing all environmental factors were also recorded. Since the 2008 load 
test was created for the purpose of structural health monitoring, researchers included 
three zero-load points which allowed the temperature data and all other 
environmental effects to be removed from the load test data, which made the 
comparison between load test data and model analysis results data possible. 
5.6 -Three-Year Analysis of Rollins Road Bridge Load Test Data 
Analysis was attempted using all three years of data to capture the global 
response. However the results showed that environmental factors such as 
temperature and humidity had such a large effect and the lack of initial readings for 
the strain gauges made a proper comparison of the data to the analytical model 
difficult. The results from this attempt can be seen in Appendix F - First Analysis of 
Rollins Road Bridge Load Test Data for All Three Years. Researchers determined that 
using all three years of data was not practical due to lack of critical information, 
however the correction of the 2008 load test data would provide that critical 
information. 
5.7 - 2008 Analysis of Rollins Road Bridge Load Test Data 
The analysis of the condition of Rollins Road Bridge through model updating 
was performed using the corrected 2008 load test data and the SAP2000® model to 
perform condition assessment on the steel reinforced elastomeric bearing pads. 
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Correcting the data allowed researchers to see structural response caused solely by 
applied truck load and removed ambiguity caused by environmental factors, as seen in 
Figure 66. The 2008 load test data was corrected for temperature effects, as seen 
in Section 5.4 - Special Topic Studies. With this correction, a change in strain due to 
applied load became the focus. In order to properly compare this with the analytical 
model, a procedure had to be developed in order to look at the same thing in the 
model that was now being observed in the data. 
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Figure 66: Measured strain to strain due to applied truck load diagram 
5.7.1 - Establishing a Running Benchmark for SAP2000® 2008 Model 
Since temperature and environmental effects were removed from the 
measured data set, the strain values are only due to the applied truck load. In order to 
have the SAP2000® model reflect this same condition, two models had to be created. 
The reason for these two models is because prestressing forces in SAP2000® are 
modeled as a force, not a behavior. The modeled CFRP is modeled in a way that the 
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behavior is captured when an analysis is run, however the prestress load case must be 
run in order to capture the behavior of the prestressing forces. Due to this, prestress 
and dead load were modeled for one model while prestress, dead, and applied truck 
loads were modeled in another model. Figure 67 shows how two models were 
created, and the difference between those resulted in strain due to applied truck load, 
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Figure 67: SAP2000® modeled strain data to strain due to applied truck load 
This benchmark model had all structural components modeled as the best 
estimate at current bridge conditions. Calculations of bearing pad stiffness were 
maintained, and since the bridge is in such good structural conditions, researchers 
have a high degree of confidence in modeled structural parameters such as area, 
modulus of elasticity, and moment of inertia. The strain values from the model are 
determined through techniques described in Section 5.4 - Special Topic Studies. 
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Since the condition assessment was performed on the elastomeric bearing 
pads, the stiffness values were modified in the model to match the measured 
behavior. Since researchers wanted to examine the change in behavior from a zero-
load state to an applied load state, the modeled response had to be compared back to 
a zero-load state, benchmark, model with the same bearing pad stiffness as the 
applied load model. For each set of bearing pad stiffness case, a benchmark model 
was created and benchmark strain values were obtained. 
5.7.2 - Established Model Loads 
The applied truck loads are simple to establish in the model, the wheel weights 
are known, weighed at the RRB test site, the location of the truck is dependent on the 
load case being analyzed, and using the truck mesh the loads are applied to the nodes 
of the model. Using the measured wheel weights and truck load mesh, node loads are 
calculated and applied to the SAP2000® model in four different load cases, depending 
on the location of the truck. 
5.7.3 - Established Measured Response Values 
Once the measured data was corrected for temperature, as mentioned in 
Section 4.3.3 - Empirical Thermal Correction, a small bit of analysis had to be 
performed to get the strain readings into compared strain data. The times at which 
the load case occured were noted, and pulled from the corrected data set. This 
resulted in about 25 data points, per sensors, for the time the truck was at that 
position. A 95% confidence interval was then performed on the mean of those 
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numbers, to determine if the data was within acceptable limits. The strain gauge 
tolerance was set to ±0.40-microstrain (Bowman M. M., 2002). All variation in the 
data was well within 0.25-microstrain over the one to five minute period of recording, 
which was determined to be acceptable by researchers. Table 13 shows the resulting 
measured strain values for the load test data with environmental factors removed. 

































5.8 - Load Test Data to SAP2000® Comparison 
With corrected data from the field measurements, data from the SAP2000® 
model, and a running benchmark SAP2000® model, the change in strain reading 
between the SAP2000® model and the running benchmark was determined and could 
be compared with the empirically corrected strain value in the manual model updating 
process seen in Chapter VI: Manual Model Updating. This data will also be used for 
full scale parameter estimation and model updating exercise once MUSTANG is fuHy 
developed by a fellow graduate student researcher, John Welch at UNH. 
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CHAPTER VI 
MANUAL MODEL UPDATING 
There are open source parameter estimation programs, such as PARameter 
Identification System Software (PARIS©) from Tufts University and Damage 
Identification and MOdal aNalysis for Dummies (DIAMOND) from Los Alamos Labs 
(Sanayei, 1997) (Los Alamos National Laboratories, 1997). This research specifically 
looked at PARIS©. MUSTANG (Model Updating STructural ANalysis proGram) is 
currently under development at UNH and will be able to handle the shell and solid 
elements, along with being tied to SAP2000®. The objective for the RRB required shell 
elements for accurately modeling of the bridge span. The exported stiffness matrix 
from SAP2000® on the RRB model was a 7704 square matrix, resulting in 59 million 
values. With a matrix this size, it is not possible to do successful parameter estimation 
without an automated program. Another graduate student research assistant will use 
the model and data with MUSTANG. For the focus of this research project, manual 
parameter estimation will be performed to show how the process works on a local 
level which will then be taken to the global level when MUSTANG is running. 
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6.1 -Three Data/Model Comparisons 
There were a total of three comparisons done on using the data obtained from 
the RRB. The first analysis which did not provide the desired results can be seen in 
Appendix F - First Analysis of Rollins Road Bridge Load Test Data for All Three Years. 
The second and third analysis were done on the 2008 load test data that had been 
corrected for environmental factors, as described in Section 4.3 - Environmental 
Effects on Bridge Response. The second analysis looks at the effects of modifying the 
horizontal stiffness value in the model in order to obtain a match to measured 
structural response. In the second analysis the vertical and rotational stiffness values 
of the elastomeric pads were also modified to see the effect on the model response. 
Once the data SAP2000® model matched the measured response, the third analysis 
shows the importance of included specific structural properties in the RRB SAP2000® 
model. This is by removing those structural parameters that were included to show 
what the response would be if they were not included in the analysis. The MUSTANG 
Research Project will examine the values of structural parameters such as area, 
moment of inertia, and modulus of elasticity using the data obtained from this 
research project. 
For second analysis of the 2008 model all structural components, CFRP, 
prestressing, and bridge rail, were kept in the model. Manual parameter estimation is 
performed on the RRB model, specifically on the bearing pads, by modifying the 
stiffness in three directions, vertical stiffness (z-direction, compression), horizontal 
stiffness (x-direction, shear), and rotation about the abutment (ry-direction, rotation). 
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All bearing pad stiffness values were kept consistent for all 10 bearing pads in the 
model, which can be referred to as grouping (Sanayei, Imbaro, McClain, & Brown, 
1997). The axial and rotation stiffness values that were calculated in Section 5.3.3 -
Modeling the Steel Reinforced Elastomeric Bearing Pad, were kept constant for the 
final case when the horizontal stiffness values was changed to get a match between 
change in model response and change in measured data. Separately modifying 
stiffness values will be a focus of the runs in MUSTANG as part of future work. 
Parameters such as modulus of elasticity and moment of inertia for specific elements 
will also be included in the parameter estimation. However, for the scope of this 
research project those properties were not examined in the manual parameter 
estimation. 
6.1.1 -Analysis of Modifying Bearing Pad Stiffness 
Table 14 shows the five different support conditions (SC) used in second 
manual model updating analysis. The vertical stiffness values and horizontal are 
modified in the first four cases, and the fifth case shows that modification of the 
horizontal stiffness value must be done in order to get the change in model strain to 
match the measured change in strain. The error of ±0.40-microstrain shown in the 
error bars for the measured strain corresponds to the accuracy of the gauges as set 
when installed. The manual model updating results can be seen in Figure 68, Figure 
69, Figure 70, and Figure 71. 
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Table 14: Manual model updating cases and corresponding bearing pad stiffness values for second 
analysis 
Support Condition 1 
Support Condition 2 
Support Condition 3 
Support Condition 4 
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Figure 71: Manual model updating using girder 5 middle strain sensor 
The figures above show how by changing the bearing pad stiffness, updating 
the model, the response of the model matches that of measured structural response. 
The model response matches the measured response fairly well in support condition 5 
when the horizontal bearing pad stiffness value is modified from the fixed condition. 
Further analysis using a parameter estimation and model updating program will be 
able to get a more precise value by varying each component independently as part of 
an algorithm to obtain the optimal conditions. There is a shift in girder 5 middle which 
could suggest a change in the location of the neutral axis. For girder 3, girder 4, and 
girder 5 top the change in the model trends follow the change in measured strain 
trends. 
While examining strain is viewed to be a more accurate method for manual 
parameter estimation when compared to deflection measurements since there is a 
larger opportunity for human error and the reference dependent nature of deflection 
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measurements; the deflection measurements that were taken during the 2008 load 
test were also used as a way to validate the strain response seen in the figures above. 
Figure 72, Figure 73, and Figure 74 show the modeled deflection compared with the 
measured deflection. The deflections typically fall within the error bars for the 
measured response which gives researchers more confidence in the results obtained 
from the strain comparisons for manual model updating. The outliers could be 
associated with the variability in the survey measurements due to non-optimal 
conditions as previously discussed. 
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Figure 72: Manual model updating verification using girder 3 deflection measurements 
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Figure 73: Manual model updating verification using girder 4 deflection measurements 
Figure 74: Manual model updating verification using girder 5 deflection measurements 
6.1.2-Analysis of Removing Specific Structural Elements 
The bearing pad stiffness obtained from the above analysis, support 
configuration 5 now benchmark, will be kept constant in the next analysis of modeled 
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response. Table 15 shows the four cases that will be used to show the effect of 
specific parameters in the model. Structural parameters such as CFRP, prestressing, 
and bridge rail will be removed from the SAP2000® model, and the response will be 
seen in Figure 75, Figure 76, Figure 77, and Figure 78. 
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Figure 75: Manual model updating using girder 3 top strain sensor 
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Figure 76: Manual model updating using girder 4 top strain sensor 
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Figure 77: Manual model updating using girder 5 top strain sensor 
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Figure 78: Manual model updating using girder 5 middle strain sensor 
These results show that not including the bridge rail in the model had 
significant effects on the change in measured response of the bridge model. Removing 
prestress and/or CFRP had a smaller effect in change of strain but it must also be 
remembered that this is a change in strain, so the benchmark model for the base also 
has no CFRP or prestress which explains why the values appear to be similar. 
As with the second analysis case, deflection measurements were also shown 
for a second comparison and validation. Figure 79, Figure 80, and Figure 81 show the 
deflection comparison done for the third analysis case. 
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Figure 79: Manual model updating comparison using girder 3 deflection measurements 
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Figure 80: Manual model updating comparison using girder 4 deflection measurements 
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Figure 81: Manual model updating comparison using girder 5 deflection measurements 
In the deflection comparison it can be seen that not having the prestress 
produced the biggest change when compared to measured response. Removing CFRP 
and the bridge rail had less of an effect, however it can still be noted. 
6.2 - Discussion of Manual Parameter Estimation Results 
To reiterate, the only gauges used in the SHM program for RRB were the 
gauges embedded in the HPC girders. These gauges are oriented in the longitudinal 
direction and capture the global structural response of the bridge given the loadings. 
Using only the girder gauges also limits the computations to a reasonable limit for the 
scope of the Rollins Road Bridge Research Project. The 2000 and 2001 load test were 
not geared towards SHM and proved to be not as useful as the 2008 load test which 
was specifically designed for SHM purposes. Including three zero-load points allowed 
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researchers to remove strain due to change in environmental factors and perform 
manual model updating on the structural model to match the measured response. 
6.3 - Conclusions on Manual Parameter Estimating Results 
The results from the manual parameter estimation show that the change in 
measured structural response could match the change in modeled response by 
modifying the horizontal stiffness of the elastomeric bearing pad. The final bearing 
pad stiffness ended up being 46,833-kip/in in the axial direction (ka), 10,000-kip/in in 
the horizontal direction (kh), and 224,651-kips/rad for rotation (kr). Figure 82 and 
Figure 83 show a quantification of the bearing pad stiffness values used as compared 
to a roller, pinned, and fixed connection. This is only to show the effects of the spring 
on an example 40-foot beam with a 10-kip point load, not the actual bridge 
configuration. The axial and horizontal stiffness remained as calculated since there was 
nothing to suggest otherwise, and the horizontal direction was modified to get the 
structural response to match. According to Stanton et al. (2008), there are no 
standard calculations for the horizontal stiffness value. 
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Figure 83: Quantification of bearing pad stiffness results 
When this model is run through MUSTANG, structural parameters such as 
moment of inertia, modulus of elasticity, and individual bearing pad stiffness 
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properties can be modified to see the effect on the modeled response. Including the 
abutment and ground conditions into the model and then running parameter 
estimation could also give insight into the structural response exhibited by the bridge 
in the field. A good way to see if the abutments are affecting the structural response 
would be to take survey measurements during the load test and throughout the year 
to see how the abutments are moving. This could then be correlated to changes in 
structural response of the bridge. 
6.4 - Variations in Data 
Several things may be noted in the results for both strain and deflection 
comparison. In the strain comparisons for girder 3 top, girder 4 top, and girder 5 top 
there seems to be a large variation between the third and fourth load case. This 
variation could be due to the fact that the linear correction applied tended to deviate 
from the data the further it went into the load test. This is because it was a linear 
correction done using only three data points, two recorded towards the beginning of 
the load test and only one recorded towards the end. In the strain comparisons for 
the second analysis have support conditions one through three being grouped very 
close together in most cases. This can be due to the fact that if the stiffness conditions 
are examined closely, the ones that would have the greatest effect on the bridge 
response are either not changed at all or only changed by a small amount while 
keeping the horizontal stiffness fixed. 
The deflection comparison shows the variation inherent with the type of survey 
measurements and survey conditions that were present during the load test, i.e. 
120 
having the measuring rod in a lift bucket. It would be optimal to take more 
measurements and be able to perform statistical operations on the data to remove 
any outliers or values obtained that are not what is actually occurring in the field, 
instead of just one measurement point. 
In the third analysis the strains from the benchmark, no CFRP, and no prestress 
are also grouped in the same area. This is because the numbers in the graph are 
change in response, with respect to a benchmark that has the same conditions as the 
truck load model. The biggest change with not including the bride rail, in both the 
truck load model and the benchmark model for that situation, can be attributed to a 
change in the load and configuration of the bridge. The third analysis deflection 
readings follow a similar group with the benchmark, no CFRP, and no bridge rail being 
grouped together while the no prestressing model shows significant deviation. This is 
obviously due to the effects of camber on the dead and applied load not being 
included in the deflection measurements. 
6.5 - Optimal Conditions 
As seen with the parameter estimation, and the not so successful initial 
parameter estimation run as seen in Appendix F - First Analysis of Rollins Road Bridge 
Load Test Data for All Three Years, it is important when doing a load test for SHM, to 
design the load test with that in mind. Also, if a better initial value was known for the 
strain readings on the bridge it might have been possible to perform successful 
parameter estimation in the initial analysis. However, not knowing the initial values of 
strain, exact environmental factors, and being able to properly model all of those 
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environmental factors made doing the initial analysis challenging. As seen in the 
second analysis, being able to remove environmental effects from the measured 
response data and not having to worry about the initial gauge value, proved to be 
useful in the model updating of the RRB SAP2000® model. 
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CHAPTER VII 
STRUCTURAL HEALTH MONITORING, PARAMETER 
ESTIMATION, AND MODEL UPDATING 
The Rollins Road Bridge Research Project has created a model that captures the 
behavior of the RRB. This model has undergone minor manual model updating to 
calibrate the model to the observed in the structural behavior. Some trends in the 
behavior of the model can be observed, however the values are still not exactly where 
they should be. This was to be expected since only minor model updating was done. 
MUSTANG will be used to do a full-scale parameter estimation using the model 
created and the post-processed data analyzed in this research project. 
7.1 - Parameter Estimation 
The parameter estimation that will be performed on the RRB SAP2000® model 
includes investigating boundary conditions as well as other structural parameters that 
affect the stiffness of the structure, such as moment of inertia, area, and modulus of 
elasticity. Parameter estimation uses measured data and a comparative, predictive 
model to give validity to both the model and the data. Once the parameters are 
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updated and behaviors match, the difference between the design parameters and 
estimated parameters can be used to show the change in state of the structure. 
When a structure is designed, several things are assumed to be known such as 
modulus of elasticity (E), moment of inertia (I), boundary conditions, torsional rigidity 
(GJ) and area (A). In the design phase, if finite element models are used, the assumed 
EA, El, GJ, and design loads are applied to that model. Finally displacements and 
rotations are calculated. Parameter estimation is, in some senses, the inverse to direct 
structural analysis. The existing structure is known, with initially assumed EA, El, and 
GJ. Experimental loads are applied, through nondestructive test techniques, and the 
response of several degrees of freedom are measured. Through the use of a model, 
the response data, and parameter estimation software the information is combined 
and actual EA, El, and GJ of the structure are determined. Figure 84 shows a graphical 
representation of the process of parameter estimation. 
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Figure 84: Graphical representation of parameter estimation (Sipple, 2008) 
Once this parameter estimation has been performed on the RRB model, 
researchers and the NHDOT will have an up-to-date model of actual conditions at RRB. 
This model could easily be used for special permitting. 
During a special permitting operation that took place in Norco, Louisiana on the 
Bonnet Carre Spillway Bridge, Bridge Diagnostics, Inc. and researchers from the 
University of South Carolina used a calibrated, essentially parameter estimated, model 
to match response caused by a superload passing over the bridge. This model 
successfully predicted the response and results showed that the approach of using a 
model was the same as the typical load rating procedure. An added benefit of using 
the model was being able to see the global structural response instead of analyzing 
beams with distribution factors (Grimson, Commander, & Ziehl, 2008). 
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7.2 - Central Artery Parameter Estimation 
Parameter estimation and model updating has been successfully performed by 
researchers at UNH that are involved in the Rollins Road Bridge Research Project. This 
parameter estimation was done on a research project conducted by Tufts University in 
conjunction with the University of New Hampshire and Geocomp Corporation. 
A part of the Central Artery/Tunnel project in Boston, MA was removing the 
existing six-lane, steel frame Central Artery viaduct to be replaced with a cut-and-cover 
tunnel. To allow for the viaduct to remain in service during tunnel construction, the 
existing foundations were underpinned using steel frame bents. Once the tunnel was 
opened, the demolition of the viaduct took place which removed the roadway and left 
the steel underpinning frames exposed for a short time. While these underpinning 
frames were exposed and prior to demolition, researchers from Tufts, UNH, and 
Geocomp performed two nondestructive tests, one a moment frame and the other 
braced frame. Strain, rotation, and displacement measurements were taken during 
the test in which the frame was loaded using a crane with a load cell between the 
crane cable and the structure. Results from this test, as well as a model created in GT 
Strudl®, were combined and using in the parameter estimation, PARIS© (Santini-Bell, 
Sanayei, Brenner, Sipple, & Blanchard, 2008), see Appendix G - Nondestructive Testing 
for Design Verification of Boston's Central Artery Underpinning Frames and 
Connections . 
Parameter estimation was successfully performed using PARIS© (Sanayei, 
1997), estimating the stiffness of the moment connections in the moment frame. It 
was possible to use PARIS© for this exercise since the model was created using 
entirely frame elements, which PARIS© has full capabilities of using. The model was 
created in GT Strudl® to determine geometry, and then those properties were 
transferred over to PARIS©'s internal FEM protocol. The parameter estimation was 
run through PARIS©, the updated connection stiffness values were obtained. Those 
values were put into a separate GT Strudl® model and the analysis was run again to 
confirm the measurements from PARIS©. 
This was an exercise in this research project to determine how parameter 
estimation can be performed using a FEM and NDT results. The fixed connections in 
the moment frame had a numerical stiffness value of 9.28xl07in-kips/radian which 
matches the idea that they had infinite stiffness, and therefore fixity (Santini-Bell, 
Sanayei, Brenner, Sipple, & Blanchard, 2008). The lessons learned from this exercise is 
serving as input in the programming of MUSTANG and aid in the analysis of the RRB 
SAP2000® model once MUSTANG is fully functional. 
The process for the Central Artery/Tunnel Project ran fairly smoothly, however 
it did not take full advantage of the powers of the structural analysis program, GT 
Strudl®. Everything that was manually inputted into PARIS© was already modeled in 
GT Strudl®. This is the reason why researchers at UNH are currently developing a 
program that links the power and intelligence a structural analysis program, SAP2000®, 
with a parameter estimation program similar to PARIS© called MUSTANG. 
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7.3 - Current Ongoing Research at UNH - MUSTANG 
During the permitted process of the Bonnet Carre Spillway Bridge, it took 3,276 
strain comparisons from 28 strain gauges and 117 load cases, three truck paths with 39 
stop positions to calibrate the model before it was used to match response caused by 
the superload (Grimson, Commander, & Ziehl, 2008). This entire process, instead of 
being done by hand or manual model updating, could be done using an automated 
program such as MUSTANG. 
MUSTANG uses the modeling power and capabilities of SAP2000® to get all of 
the connectivity tables, joint locations, boundary conditions, element types, material 
properties and stiffness matrices used for parameter estimation. MUSTANG will take 
full advantage of the SAP2000® Advanced Programming Interface (API) to make linking 
MUSTANG with SAP2000® easier. The program and research into linking the two 
programs is being performed at the University of New Hampshire by John Welch. 
7.4 - Structural Health Monitoring Program 
An efficient SHM takes full advantage of the modeling done by designers 
through upgrading the design model to a monitoring model. Visual inspection 
information can be incorporated into the model as well as load test programs. This 
can allow structural response data from nondestructive testing to provide an 
invaluable resource for bridge owners. This data satisfies needs of bridge owners 
including determining serviceability and load capacity, investigating the reliability of 
the structure, and giving a record, through models, of the progression of the health of 
128 
the bridge. This information may also be able to provide insight into the how long the 
bridge will operate at current capacities. 
Ensuring all new bridge construction project have a SHM component in the 
design of the bridge, whether that be including sensors in the girders or tilt meters 
installed after construction, will provide invaluable insight into the health of bridges 
well into the future. There has been talk with the NHDOT to include a SHM layer in 
their current GIS system, allowing officials to know, at a glance, which bridges are 
instrumented and have the capabilities of performing SHM. This GIS layer could go 
even a step further when linking up to the data acquisition and processing systems to 
alert the NHDOT if there is an abnormal structural response at one of their bridges. 
This will allow for a more efficient allocation of time and money which is already 
spread fairly thin for DOTs throughout the country. 
Retrofitting existing bridges, or even just troubled bridges, may be able to offer 
the same benefits as instrumenting new construction, if not more. Instrumentation of 
aging bridges could allow bridge owners to see which bridge is most in need of 
structural repairs. With existing bridges, instrumentation incorporated into a GIS layer 
may also serve to provide an early warning for changes that could affect public safety. 
RRB was instrumented for the IBRC to look at prestress losses and performance 
of the CFRP in the deck. This research project successfully took that instrumentation 
plan and used it to find the global structural response for SHM. This same process can 
easily be repeating on other bridges in the state of New Hampshire that have been 
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instrumented as part of the IBRC to examine structural behavior and eventually be 
included on a GIS layer linking the data acquisition and processing systems. 
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CHAPTER VIII 
CONCLUSIONS, FUTURE WORK, AND 
RECOMMENDATIONS 
8.1 - Key Observations 
During the course of this research project there were several key observations 
made. Some of those observations include the large effect that temperature has on 
the relatively short span Rollins Road Bridge. Change in environmental conditions and 
the resulting change on the bridge must either be included in the modeled aspect or 
accounted for in the measured structural response data. The stiffness of the bearing 
pads was updated solely for the reason of experimentally determining the horizontal 
stiffness of the elastomeric reinforced bearing pad, the one stiffness value not given 
through experimentally verified equations. The linear correction can be seen when 
closely examining the measured response; however this does not capture all of the 
data, specifically towards the end of each run. Using more zero-load points and a 
parabolic correction could better correct the data and therefore capture a more 
accurate structural response caused by applied truck load. The effects of including the 
bridge rail can be seen when that element in removed during the third analysis. 
Another option to deal with the bridge rail would be to break up the element that 
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models the bridge so it is not modeled as a continuous bridge rail, which would more 
accurately reflect how it is cast on the bridge. 
8.2-Conclusions 
The RRB load test data shows that the structural performance of the CFRP grid, 
concrete deck, and concrete girders matches the excellent rating from visual 
inspections. The strain values are either bounded by, or shown to be less than the two 
prior tests performed in December 2000 and August 2001. It is difficult to do an exact 
data-to-data comparison since testing conditions different from 2000/2001 to 2008. 
The difference between 2000/2001 and 2008 load tests included stopping locations 
and gross weight of the truck. The reason for the differences in stop locations was 
because the goal of the 2008 load test was to observe global response while the 
2000/2001 load tests examined local response in the CFRP and deck. The performance 
of the CFRP was an important aspect of the project, however not the ultimate goal. 
A monitoring model, with added specific structural components, was created to 
capture the behavior of the bridge. The effects of removing those components can be 
seen in the third analysis of the data. This model and the data from the load test is 
currently in a phase where it can be easily taken over by a fellow researcher, John 
Welch, to be used in the first major parameter estimation exercise of a parameter 
estimation program being developed at UNH called MUSTANG (Model Updating 
StrucTural AIMalysis proGram). 
As noted in the current bridge inspection report, there are no visible signs of 
deterioration or cracking, which caused the main focus of the parameter estimation to 
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be the horizontal stiffness of the elastomeric bearing pads. Visual inspections will 
continue to be performed at RRB, and once there is noted deterioration, the model 
will be easily updated to model that change in behavior. The modeling of structural 
deterioration will also allow that deterioration to be quantified as a reduction in area, 
moment of inertia, or modulus of elasticity instead of a note on an inspection report. 
Environmental effects, including temperature changes, had a much larger 
effect on load test data than originally expected. The change in temperature 
throughout a three hour load tests overshadowed the effect of a 19-ton truck. 
Environmental effects can be easily removed if zero-load data points are included 
several different times in the load test program. Removing environmental effects 
through empirical methods allowed a normalization of the data without relying on 
theoretical calculations. All information used to remove temperature using the 
empirical method was determined by the bridge and current structural conditions at 
the exact time of the load test. The two pervious load tests did not include zero-load 
data points which is why the manual parameter estimation was not performed on 
those sets of data. Subsequent tests should include enough of those points to be able 
to properly correct for environmental effects potentially using a parabolic or quadratic 
fit functions. 
The empirical temperature correction proved to be beneficial. Performing the 
empirical temperature correction allowed for manual model updating to be 
successfully performed on the 2008 RRB SAP2000® model. The SAP2000® data 
converged with the measured structural response after only a few iterations, and will 
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be more precisely determined using MUSTANG. This manual model updating has 
shown that by changing structural properties of a monitoring based model, that 
analytical model can be matched to measured structural response. 
8.3 - Future Work 
The performance of the CFRP, bridge deck, and NEBT girders will continue to be 
monitoring by collecting long-term SHM data and the occasional load test. These load 
tests will be performed with all the knowledge gained from this load test, and will add 
an unknown amount of new knowledge to the testing program for RRB and SHM 
programs for the bridges of the state of New Hampshire. Parameter estimation and 
model updating will be performed on the RRB SAP2000® model in the spring of 2009 
on MUSTANG. This model will be kept up-to-date when the next load test is done, and 
since the model has already been created more time and effort can be spent into 
ensuring all behavior experienced by the bridge is captured in the model. Post 
processing of load test data and model output will be refined, possibly using the SAP 
API and [B] transformation matrix to obtain directly without having to perform radius 
of curvature calculations. 
This project has also raised questions on the modeling techniques and how 
results are obtained from the model. The abutment was not modeled in this project 
because it was decided that modeling would only be done to the bearing pads. It 
would be beneficial to see the results of manual or automated parameter estimation if 
the abutments and ground conditions were modeled. The model including abutments 
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could then be compared to the model for this research project to determine the cost 
benefit of modeling the abutments. 
An eventual goal would be to eliminate looking for the change, and be able to 
get matching results. This will required significant research of all aspects of the 
structure that needs to be included in the model. This will also require knowing the 
initial reading for the strain gauges while the bridge is still in construction, before 
framework is removed and the bridge carries its own self weight. Environmental 
effects will also have to be measured. There is also the possibility of using weigh-in-
motion sensors or closed-circuit video monitoring at the bridge to use everyday traffic 
as a load and then measure response from traffic loading. 
There are now three different sets of load test data and continuous 
temperature and strain data collected specifically for the CFRP and bridge deck that 
can be closely analyzed to determine behavior of the CFRP and bridge deck. The data 
collection will continue as most of the problems associated with data collection have 
been resolved during this research project. 
8.4 - Recommendations 
Lessons learned in this project can be applied to an upcoming research 
partnership including UNH, NHDOT, Tufts University, Fay, Spofford, and Thorndike, Inc. 
(FST), and Geocomp Corporation. This project involves creation of an instrumentation 
plan, monitoring model, and testing of a new bridge with FST and NHDOT. This project 
is sponsored by the Project for Innovation (PFI) through the National Science 
Foundation (NSF). The structural behavior of the bridge will be more accurately 
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captured since the instrumentation plan will designed around SHM. The PFI Project 
Bridge is currently in the design phase and the instrumentation plan will be designed 
with SHM as the focus. There will be multiple temperature sensors installed 
throughout the cross section of the bridge to obtain accurate readings of temperature 
to be able to apply the temperature as a gradient throughout the bridge, rather than 
just a thermal load applied to the surface. 
During the load test, zero-load points should be taken from the first load test 
when the bridge is commissioned. This will give the opportunity to have a baseline 
established for the behavior of the bridge, the temperature and strain values recorded 
at commissioning.will give a snapshot of the first moments in the service life of the 
bridge. All following data may then be compared to this snapshot in order to assess 
current conditions at the bridge, whether that is two years or 30 years down the road. 
There has also been discussion of installing traffic cameras on the bridge so this zero-
load reading can be taken at any point by observing the bridge and remotely collecting 
data several times a month. This would allow observation of temperature trends 
throughout the year for the bridge to see how it behaves, and then compare that with 
data from different years to have a catalog on change to the bridge. 
For future tests at RRB, more zero-load readings can be taken for a better trend 
line for temperature removal. There were also logistical issues with taking the 
deflection reading with the leveling rod, having a small lift bucket and having to make 
several different moves to get to each point. Having a larger bucket that can remain 
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up under the bridge and the surveyor just walk down the length of the bucket and be 
able to reach each survey point would make gathering deflection data easier. 
The Rollins Road Research Project proved valuable for the amount of 
information obtained from doing one load test on an instrumented bridge. Most 
importantly, it showed that manual model updating can be performed on a monitoring 
based model to have the analytical results calibrated to the measured response. Doing 
the data analysis for the load test and having a comparative model to make the data 
analysis accountable to the model and vice-versa gives an aspect of accountability 
through a predictive model. The original thoughts on how the research group thought 
this project was going to be run changed throughout the process as things not to be 
important, number of elements, discretizations were not important and things that 
were not originally considered, accounting for temperature, modeling specific 
structural characteristics, became the focus of the research. Research projects 
involving SHM for bridges will take all the lessons learned from this project to further 
advance SHM programs. 
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APPENDIX A - CFRP REINFORCEMENT CALCULATIONS 
Actual of CFRP through cross-section 
^actual = 10.86in2 
If CFRP was in a layer throughout entire cross-section 
^desired Z U Z . j l / l 





= aesirea = = 1 Q M 6 
factual 10.86m2 
_ 104000/csi _ 
^•equivalent 1Q AAA b b / . / o f t S t 
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APPENDIX B - LOAD CASES FOR ALL YEARS 
2000 Load Cases 
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APPENDIX C - CALCULATION OF REINFORCED ELASTOMERIC BEARING 
PAD STIFFNESS 
All calculations in this equations and table values taken from Stanton, Roeder, & 
Mackenzie-Helnwein, NCHRP Report 596 - Rotational Limits for Elastomeric Bearings 
Loaded Plan Area 
S = Shape Factor = 
Perimeter Area Free to Bulge 
/16in\2 , 
Loaded Plan Area = I——j *7r = 201mz 
Perimeter = 16in * n = 50.3£n 
G = 0.1300A:s£ 
K = 363/csi 
••• A =0.1312 
••• S = 4.00 
|3G 
G = Shear Modulus 
K = Bulk Modulus 
G = 0.200/csi G = 0.1300fcsi 
K = 464ksi K = 464/csi 
.'• X = 0.1438 ••• A = 0.1160 
G = 0.200ksi 
K = 363/csi 
••• A = 0.1627 
^•average U-Xoo^r 
Ba = 2.1 (from graph) 
Br = 0.7 (from graph) 
EA(Aa+BaS2) 
K, a 
E = 3*G = 3 * 0.1300/cst = 0.390/csi 
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t — —in 
8 
kips 
Ka = 4 3 4 1 - ^ -in 
1 
t = -in 
kips 
Ka = 5 4 2 6 - ^ -in 
kip 
Total = 36,899 — 
in 
E = 3*G = 3* 0.200ksi = 0.600/csi 
5 
t = —in 
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t = -in 
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Ka = 8 3 4 8 - ^ -
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E = 3*G = 3* 0.1300/tsi = 0.390/csi 
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E = 3*G = 3* 0.200/csi = 0.600/tsi 
5 
t = -in 
kips 
Kr = 24490 —— 
rad 
1 
t = —in 
2 
kips 
Kr = 47097—— 
rad 
Total = 2 4 1 , 1 3 5 - ^ 
rad 
kip 
l ozaiaverage i i t j O j i 
150 
APPENDIX D - CALCULATIONS FOR MODEL VERIFICATION 
Hand verification of SAP2000® Rollins Road Bridge Bridge Model 
Assumptions: 
No dead load 
No prestressing force 
No temperature effects 
Simply supported 
No bridge rail in stiffness 




fc = 6000psi 
E = 57//T = $7j6000psi = 441Sksi 
fc = 8000psi 
E = 57V/T = S7^j8000psi = 5098ksi 
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CFRP 
Q . / {liny \ I = 146.5 * 109mm4 , „ , = 351968m4 V(25.4mm)4y 
, / ( l in)2 \ 
A = 553 * 103mm2 , „
 A = 857in2 \{2bAmmy I 
E = 10400/tsi 
i4rea in l l l i n section = 2.976 in2 
Totai length of reinforced area = 410in - (2 * 2.5in) = 405in 
405 in 
= 3.65 lllin 
3.65 * 2.976in2 = 10.86m2 
Transform Section 








Equivalent width of deck = 
n 1.155 
If CFRP was solid across cross section - fo r ease of transforming section and using 
SAP2000® layered shell elements 
A = 10.86in2 
10.86m2 
0.5 21.7m <= Width 
a ivdev J U V U KSI 
UCFRP =
 "W~ = 10400/csi = ° ' 4 8 9 
21.7m 
Equivalent width = „ ,„„ = 44.3in H
 0.489 
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Moment of inertia for section 
/ = S(/0 + Ad2) 
heck =—(355in)(8in) 3 = 15150m4 
ICFRP, = ICFRP2 = — (44.3in)(0.5in)3 = 0.462in4 
Igirder = 3 5 1 9 6 8 m 4 
Adeck = (355in)(8m) = 2841in4 
ACFRPX = ACFRP2 = (44.3m)(0.5m) = 22.15in2 
A girder ~ 8 5 7 m 









,2" COVER (TYP.) 
ygirder 
y«iecfe = 4in 
ycFKPi = 2.25in 
ycFRP2 = SJSin 
Sin + 1.5in + (55.1in - 26.27in) = 38.33in 
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y 
_ (2841in2 + 4in) + (22.15m2 + 2.25m) + (22.15m2 + 5.75m) + 5 * (857in2 + 38.33m) 
~ 2841in2 + (2 * 22.15in2) + (5 * 857in2) 
175785 
= = 24.52m 7170 
/ = [15150m4 + (2841in2 * (24.5m - 4in)2)] 
+ [0.462in4 + (22.15in2 * (24.5in - 2.25m)2)] 
+ [0.462in4 + (22.15in2 * (24.5in - 5.75m)2)] 
+ 5[351968in4 + (857in2 * (24.5m - 38.33in)2)] 
= 1210887m4 + 10975m4 + 7796m4 + 2577404m4 
= 3807062in4 
P = lOOkips at center of bridge 
_ PL3 _ 100/dps(1340m)3 
~ 48EI " 48 * 5098fesi * 3807062in4 ~ ° ' 2 8 m 
FromSAP2000® 
A =• 0.253m 
Find moment at center 
PL lOOkips * 1340m 
Mmax = — = = 33500m * kips 
33500m *kips 
= 6700m *kips = 558/t * kips 
Calculating Strain Values 
Assuming still within linear elastic range 
My 
a = EE 
Look at top gauge, down 2.5in from top of girder 
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y = distance from centriod to depth of gauge 
Depth to center = 26Ain 
Depth to gauge = Sin + l.Sin + 2.5m 
26.4m - Ylin = 14.4in 
33500m */dps(14.4m) 
a
 = — ™»™,-n- \ " = 0.1267/csi 
3807062m4 
a 0.1267ksi 
E 5098/csi ^ 
From SAP2000® 
strain = 2S.7ue 
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APPENDIX E - STRAIN CALCULATIONS 

























































, . , ,
 t f(£5 ~ gVxcord ~ (#5 - dl)xcord \ 
Azimuth = arctan I j — -r y——-T-T I 
V^s - gVycord - (.gs - di)ycord j 
Gauge Pointx = Deformed X Coordinate + (Depth to Gauge * sin (Azimuth)) 





































New Length — Original Length 
Original Length 
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APPENDIX F - FIRST ANALYSIS OF ROLLINS ROAD BRIDGE LOAD TEST 
DATA FOR ALL THREE YEARS 
Modeling Temperature Effects 
Special care was taken to include the coefficient of thermal expansion into the 
material properties for all materials used the model. Experimental coefficients of 
thermal expansion were obtained from Martha Bowman who performed tests on 
concrete samples. 
Benchmark Data for Data Set and SAP2000 Model 
To go from 120,000 data points to a more manageable data set, some data 
reduction was required. The four load cases previously discussed were created for all 
three years, resulting in a total of 12 load cases run throughout the analysis. At every 
predetermined truck stop, the truck sat at the location for approximately a minute. 
These one minute time intervals corresponding to load cases were removed from the 
large data set. From this reduced data, material temperatures were separated and 
transformed to thermal loads. This transformation of temperature measurements to 
thermal loads involved comparing the data to the benchmark data set, and finding the 
difference and therefore thermal load. The strain values for the load cases were also 
grouped together and will be examined when manual parameter estimation is 
discussed in 
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Establishing the Benchmark Data Set 
The earliest recorded data, with no loading, was recording at the start of the 
December 2000 load test. At that time, the strains in the bridge were caused by self 
weight, environmental effects, and prestressing loads only. Since during this period 
there was no load applied, it was used as a benchmark for all the data sets. All strain 
values were compared to this zero-load reading, to show either a positive or negative 
change in strain values. The bridge elevations taken at this time, through surveying 
techniques, and will serve as the benchmark for all displacement measurements. A 
similar method was performed to the model, to have cohesion between measured 
data and modeled response. 
Table F-l shows the benchmark data set used for the strain values on the 
Rollins Road Bridge Research Project. Table F-2 shows the benchmark elevation values 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Again, 95% confidence intervals on the mean were used and examined to determine if 
the values where within acceptable limits for this project. The data did not follow a 
normal distribution, so standard deviation techniques were not used even thought 
they are still displayed on the table. All 95% CIs were less than 0.25-microstrain which 
was deemed an acceptable CI for the measured strain values. 
Establishing Benchmark SAP2000 Model 
From this data, the material temperatures for the SAP2000 benchmark model 
were established. The material temperatures, as recorded during the December 2000 
zero-load reading were applied as material temperatures for the bridge model. This 
allows for the thermal load derived from the benchmark data set to be accurately 
applied to the model. Table F-3 and Table F-4 show the temperature values used for 
initial material temperatures for the SAP2000 benchmark model. Since the bridge is 
only instrumented on one side, symmetry was used and assumed acceptable to get 
material temperatures for the entire bridge. 
Table F-3: Deck Temperatures used for SAP2000 Benchmark Model 
Deck T< 
Sayl Girder 2 Girder 3 Midspan3 Girder4 Midspan4 Girder 5 
29 35 32.91 36 27.14 
Table F-4: Girder Temperature used for SAP2000 Benchmark Model 
SMer 1 
23.06 
slrderl Girder3 Girder4 Girder 5 
28.65 25.11 28.65 23.06 
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An analysis performed having the applied loads being self weight, material 
temperature, and prestressing loads. The properties for that benchmark model are as 
close to the initial design conditions as possible. The optimal condition would be to 
know the initial zero-set values for the strain gauges and then run a calibration on the 
model to get it to match those initial zero-set values; however that was not the case 
with RRB. The strain values at girder locations were calculated, and will be used as 
benchmark strain values. Displacements were also calculated and will be used as 
benchmark displacement values. The benchmark model strain and displacement 
values can be seen in Table F-5 and Table F-6. All changes in strain or displacement 
will be referenced to these benchmark values. 






Table F-6: SAP2000 Benchmark Model Displacements 
Girder 3 







In SAP2000, load cases were created for each applied vehicle load and 
corresponding thermal load cases. These results in a total of 24 load cases, four per 
year for vehicle load and four per year for thermal loading. A load combination is 
created for each load case in order to include dead, prestress, applied vehicle load, 
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and applied thermal loading. As a result, there are 12 load combinations, four per 
year. The load combinations are titled 2000LC1ALL, 2001LC2ALL, 2008LC4ALL and so 
on. Those titles specify the year which the data is being analyzed, the load case, and 
that it includes all loads. Once the analysis cases are successfully run, the output data 
from SAP2000 needs to be post-processed. SAP2000, as most structural analysis 
packages, only exports forces and moments for beam elements. From axial force and 
moment, stresses and resulting strains in the member at the location of the strain 
gauge is calculated. Figure 84 shows the process used to calculate strain at gauge 
locations from the SAP2000 output tables. Further calculations for each load case can 
be seen in Figure F-l. 
Figure F-l: SAP Output to Bending Strain at Gauge Location Flowchart 
In summary, axial forces are used to calculate axial stresses, while bending moments 
are used to calculate bending stress in the top and bottom of the beam section. These 
stresses are combined to form strain throughout the depth of the beam. Using linear 
interpolation, the strain value at the depth of gauge is calculated. For displacement 
measurements, the displacements at the end nodes of the element are output from 
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SAP2000, and then linear interpolation is used to get the displacement at the location 
where the surveyors took the measurement. 
Load Test Data to SAP2000 Comparison 
There is post-processed data from the field measurements, post-processed 
data from the SAP2000 model, benchmark readings from the field measurements, and 
a benchmark SAP2000 model. To get the comparison used in this research, the delta 
comparisons, several simple steps must be done once the data is post-processed and 
the benchmarks are determined. The delta comparison is done for both the recorded 
data and model response data. It is achieved by comparing measured data versus 
benchmark data. Once the delta is established for recorded and model response data, 
conclusions may be made. The theory behind this process is a change in the behavior 
of the bridge will be accurately captured and shown as a similar change in behavior in 
the SAP2000 model, if all conditions are properly modeled since all behavior is still well 
within the linear elastic range. 
The purpose of comparing measured structural response data to an analytical 
model is for the purpose of parameter estimation and model updating. MUSTANG is 
currently in the design phase by other researchers at UNH. Upon completion, manual 
parameter estimation and model updating was be done to observe the response when 
structural parameters were changed in an attempt to update the bridge model to the 
2008 status of the bridge. The response of the model as compared to the bridge and 
draw conclusions. 
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Levels of Different Models 
In order to simplifying comparing the three different load tests, three separate 
models were created. All models were originally based on the initial benchmark 
model, only differing in the load cases that were applied to the model. Using the load 
test data, the structural properties of these models are updated to track the progress 
of the bridge. 
For the 2000 model, the bearing pad stiffness was left as calculated because 
the benchmark model was also created using the first recorded 2000 load test data. 
The selected structural properties that were changed in the 2000 model were 
removing specific components included when modeling the bridge. These elements 
include the CFRP reinforcement, prestressing, and thermal loads. By removing these 
elements from the model, the difference between design and monitoring based 
models can be seen. 
For the 2001 and 2008 models all structural components were kept in the 
models. The parameter that was changed during manual parameter estimation was 
the stiffness of the elastomeric bearing pads. This will be also the focus of the runs in 
MUSTANG as part of future work. Also, looking at the most recent bridge inspection 
report, there are no noted changes from opening in 2000 to the deck, girder, or 
abutments. The rotational and axial stiffness values of the elastomeric bearing pad 
will be altered independently to see how each effects the performance of the bridge. 
When the models are run through MUSTANG, aspects such as modulus of elasticity 
and moment of inertia for specific elements will also be included in the parameter 
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estimation, however for the scope of this research project those properties will not be 
examined in the manual parameter estimation. 
Discussion of Manual Parameter Estimation Results 
To reiterate, the only gauges used in the SHM program for RRB were the 
gauges embedded in the HPC girders. These gauges are oriented in the longitudinal 
direction and capture the global structural response of the bridge given the loadings. 
Using only the girder gauges also limits the computations to a reasonable limit for the 
scope of the Rollins Road Bridge Research Project. A variety of results were seen after 
running the manual parameter estimation, which was expected, and will prove to be a 
good base when it comes time to run the bridge model in MUSTANG. For the results, 
the tables entitled "SAP Relative Strain" and "Measured Relative Strain" are the two 
values that are compared when the table "2000 Runs" is created and follows the same 
method for all three years. 
Table F-8 shows the results from the 2000 bridge model run through manual 
parameter estimating techniques. The first run shows the differences between the 
benchmark model and this model, the only thing changing between those two is 
temperature and load application location. In the two contributing tables, the changes 
in trends can be easily seen. These results are fairly promising, showing only slight 
changes in the data. There is noted to be a larger difference in values as the test 
progresses, suggesting temperature might have an even greater effect on the bridge 
that originally thought. 
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The abutments could also be affected by the change in temperature, therefore 
changing the global response. Not including thermal loads in the model does not have 
much effect in the beginning, since that is very close to the time of the benchmark 
model. As time progresses the difference grows because thermal loads start to have a 
large effect. When the prestressing is removed from the analysis, there is a strong 
difference in the beginning of the analysis but yet again as time goes on that effect 
becomes less. Not including the CFRP follows a similar trend with the initial model; 
however the differences are a little larger. The deflection measurements, when 
temperature is not included are very similar to the initial model, only slight variations. 
The deflection measurements when there is no prestress have a larger difference 
overall as when compared to the first model. Deflection measurements when CFRP is 
not included also are similar to the initial model, however have slightly larger 
differences. When temperature is modeled as a gradient there is the slight difference 
seen as well. 
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SAP Relative Strain 





























































































































































































































































































































































































Table F-8: 2000 Manual Parameter Estimation Results 
Table F-9 shows the results from the August 2001 bridge model run through 
manual parameter estimation. The first run uses the load cases from the August 2001 
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load test while keeping the same model used in the beginning of the 2000 analysis. 
This shows that there is a definite difference in the behavior between 2000 and 2001. 
An initial thought was that this could be due to stiffening of the bearing pads, so that 
was modeled as fixed in the axial direction and allowing complete rotation. The results 
from that change were a little better than the first results, however something is still 
not accurately capture. Increasing rotational stiffness and axial stiffness was tried, 
leading to the third run which did not differ much from the first run. As seen in the 
two contributing tables, there is a large difference in girder 3 gauges, being in the 
entirely wrong direction. Girders 4 and 5 are in the right area, however values 
measured in the model are much less than recorded in the field. For completeness, 
both the axial and rotation degrees of freedom were modeled as fixed, resulting in 
values worse off than the first run. Deflection differences do not seem to have 
changed that much, only when both degrees are changed to fixed. 
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Girder 3 Girder 4 Girder 5 Girder 5 
Top Top Middle Top 
314.60 201.68 235.49 181.85 
315.23 202.82 232.07 185.98 
315.89 205.50 233.32 188.16 
318.39 207.81 233.82 190.80 
Deflection 
Girder 3 Girder 4 GirderS 
-0.19 -0.32 -0.36 
-0.22 -0.35 -0.34 
-0.17 -0.28 -0.23 
-0.16 -0.11 -0.16 







Girder3 Girder4 GirderS Girder5 
Top Top Middle Top 
311.86 198.94 228.51 179,07 
312.52 200.11 225.17 183.24 
313.14 202.74 226.33 185.37 
315.63 205.04 226.82 188.00 
Deflection 
Girder 3 Girder 4 Girder 5 
-0.23 -0.35 -0.39 
-0.26 -0.38 -0.37 
-0.21 -0.31 -0.26 
-0.19 -0.15 -0.19 







Girder 3 Girder 4 Girder 5 Girder 5 
Top Top Middle Top 
31432 201.41 233.58 181.56 
314.96 202.55 230.18 185.71 
315.63 205.23 231.41 187.89 
318.14 207.56 231.92 190.55 
Deflection 
Girder 3 Girder 4 Girder 5 
-0.23 -0.35 -0.39 
-0.26 -0.38 -0.37 
-0.21 -0.31 -0.26 
-0.19 -0.15 -0.19 







Girder3 Girder4 GirderS GirderS 
Top Top Middle Top 
360.79 247.88 258.26 228.29 
361.23 248.83 254.78 232.21 
363.40 253.02 256.89 235.93 
367.67 257.11 258.47 240.36 
Deflection 
Girder 3 Girder 4 Girder 5 
-0.64 -0.77 -0.82 
-0.67 -0.80 -0.79 
-0.63 -0.74 -0.70 










Girder3 Girder4 GirderS Girder5 
Top Top Middle Top 
311.85 198.93 228.47 179.05 
312.51 200.10 225.14 183.23 
313.13 202.73 226.30 185.36 
315.62 205.03 226.79 187.99 
Deflection 
Girder 3 Girder 4 Girder 5 
-0.28 -0.40 -0.44 
-0.31 -0.43 -0.42 
-0.26 -0.36 -0.31 
-0.24 -0.20 -0.24 
Table F-9: 2001 Manual Parameter Estimation Results 
Table F-10 shows the results from the 2008 manual parameter estimating runs. 
As was done in the 2001 data, the first run kept bridge conditions the same as initially 
modeled, only changing the load. This follows a similar trend to the 2001 data where 
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girder 3 modeled and measured response were in different directions, and in this load 
test girder 4 also had the different directions. Girder 5 strain values are in the correct 
direction, however are significantly less in the modeled data when compared to the 
measured response. For the 2008 runs, they were done similar to the methods 
performed in the 2001 runs. The best run seemed to be the fixed axial and free 
rotation condition. This is what would be expected as the elastomeric bearings begin 
to experience hardening after eight years of service. However, the best fit in 
deflection was when the axial and rotational stiffness was reduced to 5,000. 























































































































































































































































































































































































Table F-10: 2008 Manual Parameter Estimation Results 
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Conclusions on Manual Parameter Estimating Results 
The results from the manual parameter estimation offer a variety of different 
contributions. For one, they show that changing attributes in the model does have an 
effect on the behavior of the bridge model. This can be seen in the 2000 runs and 
throughout the process as bearing pad stiffness is altered. The 2001 data shows that 
something is not being accurately captured by the model when compared to the 
bridge response since there is such a huge difference in the numbers. Reasons for this 
could be change in material properties due to the temperature or an effect caused by 
the abutments and ground conditions changing due to thermal and seasonal effects. 
The 2008 runs were closer, still not great, when compared to the 2000 runs. This could 
be because the temperature during the April 2008 load test was closer to the 
December 2000 load test than the August 2001 load test. This again shows how much 
of an effect environmental factors have when conducting bridge tests. 
When the model is run through MUSTANG, things such as moment of inertia 
and modulus of elasticity will be easily modified to see if those parameters have a 
larger effect on the response of the model. Including the abutment and ground 
conditions into the model and then running parameter estimation could also give great 
insight into the structural response exhibited by the bridge in the field. A good way to 
see if the abutments are affecting the structural response would be to take survey 
measurements during the load test and throughout the year to see how the 




As with most research projects, conditions are not always ideal and therefore 
the desired results are not achieved. If there was enough data to do an empirical 
correction for all recorded structural response data, it would be interesting to see the 
results of the manual parameter estimation. Also, if the initial strain readings where 
recorded and a better benchmark model was able to be calibrated using that initial 
data, it is possible that better results would have been seen. The parameter 
estimation using MUSTANG will put a lot of work into getting the 2000 load test model 
accurately capturing the structural response for all load cases, and once that model is 
calibrated to that data it will continue on to the following two years. 
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APPENDIX G - NONDESTRUCTIVE TESTING FOR DESIGN VERIFICATION OF 
BOSTON'S CENTRAL ARTERY UNDERPINNING FRAMES AND 
CONNECTIONS (Santini-Bell, Sanayei, Brenner, Sipple, & Blanchard, 
2008) 
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lh~ »\htmii hi}Ai\\zy \ t : |^ fs f ruut i r i . ti-mp.^i njlv i \ -
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K* i wilttiL H ' / I I n H \ S t t K ,iru iwv " i t h N D T 
' I u i i HI* t h . t t t tJUK f i h -» * i f c f p ut*h 1 Un thw 
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H'jirrie-ptindHja tutii-rs*. Ffr„ui: IrHi. i idL^l X l i odti 
i l ' iK ! ' • ' i*1-' ,^3B f.SSN ^ ^ ^ v ^ ^ . n e 
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<'.f>.* . ( \ ! i ' J - t- |„ .-,>lkilj.i M !» (sH.'l! itnKH.t,.-
178 
Brkxifg $&t4em?& IS 
' utti> ^ ^unt ~^ vati 1*\* {ijx (i <tu u >n tii lit It *• 
^a p itenli-m tkr tv jrii tit. a pi t'cm-its 
.VitttttSUl J l K i IlwittE this M a I tlfc. u l i j 
putting Ir n . ^ t i . dt phwitMii iwi ^ ^luk "jtv 
pivtustutft .Lr t^t-U^n, u^iri|i <*it.. ttuvh*mt. \!U *kl 
'lithmttLsit ti)ln«.ur-><jt>i <lr if-thii » i ttK.h u m 
JUB^S ii>ii> Vivlu* R ^urvTitUitv \ t. L >ILa J 
*.. I tu i^ *»1 MUUKvp iiv. vlru.Hr 1 p*r,imvkt 
•.titti-lt »n v, ti NHS."> tit "ort'tBs t>r vtr 11 ^ iS n . n j 
>i7 J i " i tnJ ii-pl i^ .itKi tv lit i i it>vsrs t ' .va 
I . I V k « J.M 
IK^kR v*nf<->tm tr>\ l»-i UiiiK H t ).>tn> in 
t.vtu e n tltodv on •< tv^lmt' . I H . I W I< u n K 
t ntpti vnv rt» i i ilurtt
 r ttk. run »l X-i^t, p| ^. 
"fcv^ril r.»: i h; t ; ti;.v» irvcititfct ivvcv r . r tits.. I 
m i l i u m . IHI >i.*.ti *. nl Witt \ t i d / h a - H i t 
L'Ikvt.vi i wt 1 nt.*. ur.Hv-nt* In u El Ivitt. M 
u*fi.iMi! I'liit'. i m n . Ivplt > i \ i ) M Th. hj v. 
Hv I tlx r.v.it«J>
 t -,1 I I » . A U V ' I I it l» n ui hut 
UsILI vHltl. I«MI " »[ I .p.Ut II ili.ll »I 4 111 IK 
[ i .v tkv l I.* r Is M i 1 v m nl 1 n r t^l>» 
n .viu K i n - rvi*.. b t ik 1*1 vi ut li ». mp riv i 
1 iVMlHiv 1 vim 1.-, n l n i p . i t i u ti » L-,i.ii 
nl »iti i M i II s 2 m i p rl m ! It il 
, I, |L 11 r k uit - n l . H I I I t i l— in U n. 
1 tl t it > . II I U-. Ml l tk 1 il I I I I . I III 
Figure 4 IMM d* simm pm^z and tilarcste ammcctKHM. 
1 tt „ J I I ii f t i ii i i J t i t i li vtiih. 
tui ^ In N i « ; II II i l l n L i 
pi II 11 lib t t k , n l i i I I jl U I I 
It M , | \ I , 1 1 I» t» ' >;jii*iiitt i - h „ i l l 
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tt It L _ x I J K UlUl Ivl ! ll I If l» t III S. 
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t it-d v»\i t J nasi. sh p.s I* I sr 4tPi>.s* l i 
ti'<i.iv fvt ttt-ttT . ittu titon \ >.l..ltil tmmkt >t 
it . .iuutk.1 is ii . i tt .nl if r«.l t »ti* tit sit kKt. Il> 
sel J . J J . a r « . i t h . . J n ilMH I A U . L-. i 1 'r 
p f t t t . t r stilts tt *p 
J 4t this i.^irUs tl lb. st ti. sttl IK.S* tip! %. 
it*.tit ttsi r»l. ii *u bi*.tl »t'<l -.ftr=m m , n l u . l t u 
f s» tisai ( r PA %m Ivt .'slitti It »i \ t tJI. tpl i 1K*II 
»t th-r iit>t iup.U i » th t iv t >• 1 li r mullt 
i sp its p r tit.!.t .stun 1st * tLH. m ^ U i l V 
i, j . 4 t in S j i in iB. i l * iZWl *lili >-h iln 
ittUit a p i>s p t mvi.r .siitst h n pt\ t vsipr i ks 
die u«.r »ill1 t I hi Ml 1 »pp mum. i t I t u . 
ih Uvt it usi U t s. .trLtt rit L JUUJIUE .ivi i i itu 
111 I H h 1. t«p Ulll. II . st.1.11 .til s.1, 1. . Itbliul 
i r . v AS pi. ti *.t .li-J HI -.sttr.n 'i t stt - ti usl i iptut 
th. Iitti.ii d ,th. t iptn, <t ih. stru.lur. \ hn t 
* m*./ f K ll' .ttt r 1UTi.fi u»s is prvs.f.icd li.rx 
Hula, ^utlutvfbd^ imjr tutRtHm 
Fit. si ti.. s t t l i . .s h s.d ifr >r tut . l i t* / it 
,"• ii ..t n! \ Isoti nn *i*t_*ei •• if i»Oi is 
l.^.l peJ «siti; til. hritt d.nt.ttt .«|utihmim .»jii 
ti i. ) I i In. i J'sih. siruviui.s l',it>. p.riiti m a 
t.J <t tii . ii I i , tut lb. HUH A M . I i.tu pntis 
i . f i t t n i 14.tt Itfit, lit m I I ht t . II* tt^p I n . I 
it r El ik.tl i 
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i I, i i / t . . i . t k i . l kr ' i i i . . i t i 
<1[ I . H i II. </ I I, I Hlt l .J I six. I ll 
ii . u i nt\ >;i / p j ,
 e, is h » s i iik. 
i]*v I I in BI I i i 1 . i h i t i i . . s I il». i Kit I 
fC / , , , i i I K pph I -.1 M i « 
i I i-*-»Jr!tl /-.* i.tt|l ' 2 
T h . i n t l t t i . i t i m i i i W l i i ' i s s l I i 
\ v ] n t i is il« i i t i l v t 1 13**l tu . , i r » i p a I I 
(I i I t INST Kill t u ' l . i >l n i t . i t i . - t 
i I>H . v . 
St nut i f rmi ttrfur fum.li mi 
Di p i - . . " .1 ! I I I I II I . I . l I tl til I | S t 
ii sLt ti i Is lit t i is. . 11. i . i iunt L **l*r s, 
N15I . n K. I -tu . I t oil i l -.ti n J t Sn HIS i 
I p i . II. it u h -.it .ll.i m ti u Hi 1. Ill i It p1 -
m.itts t»l . si.r I .. 'II . I ll il>. Svll V i . 
r.-» I It !•. t> It >. Ill I -J i K i u t . i 1 it r . 
r hust ii st r ti t h t 1 t t . l . t ti ir I p r U 11 
I I I . I this t I III t It. .tt tt it t Ii i h t 
) -y,, I ' -S J. , | ' p | Islt . ,l[ l| I I l | 
III. p i t t s l . i .-.Ira tiiti pi. . . l i t . ' S i «.i i I 
S ktttlk > * h< III -sp It II Ml h ts . II ppl tL 
't . m | tihltt* ti I t n th°t i . . 1 . k, I l o t i . it*. 
U*.I mr« i 1 I L B r J m j t l i . Ii . n H '1 lis. .tr in 
tt . . u . i u His J.>i B i h . d u t ' . t l it> iK \ is i i 
• i t i . au tt I t i vo - l ime i t *t 1 It »nw J . m . t i t t J in 
lit. . i j j htvUiutil t<• llir.v-Jiii B<I t i - l l f in . 
Lti .tit 
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TIK I | . t t . t l ^1t tils * r . p t . It.1.4 L.SH L pplt si 
h u > pi ii-hlis. I slit tsvo tt,<lii* A* Tl». n_ 
v l t l J ' I r ' I P S ' u a j » J K t t l . l UrtiiilutltlL' I tNIS? 
i . „ l , I I ha*4 *t ttsl ltb.1 .ll <ltt Hi.«Hlit.tt .1 K 
I*.srain.tvr .**! mtatitm trial* a ^ ^ *S*iXl data 
Th. xssiimprt.-n .?! t lissU I* is.' ...rtn...tusi: v*. _. 
v.mfitiiis;'! iKim; sm.tthi.si p*ii.ti*Mvr .stiuutt'iit tu*. 
in -m jiiiv*iitpl to tin,! itn-te .ipptopru. .otHtvUton 
stlPttvss i.Ilies. Tot .\jllt P-'«ttKtCt .-stltl.il[l>K sl l t l l j : -
llon... .Lik.i.td b c . .ot'Utltuii s.44. Usvii m.lt>ik*i lull, 
p.Utlll. t.sl tio hxjlV III. iitu! Ktss^  Cs[MS..tl , | ' 
ilif.u.Vi .sUiiutti v.i~ •ippioiint-'Uh ii*" tt' kip 
i .4i tr. ; . "t ' '•(' tti k \ t i l l it 1. «I i t .h Uo>.i\ .ip-
p t r \ t m i . i - l u i J i..>ttti;Ut.sB. i . „s,itnit.l hs t K 
•itimr."! •k.iL'ii T I K i o i . u . ' t i J itiCi .ss .it i h . » .= 
i p p . t i i n . ii i ' L s i . t . l > Us. I t i l ( n i l . I . lit 
i . Ik . it H f -i«s I I K |> r i i t . l i . im I i ' i I s . 
si 11 tit t> 1! I Ih . K lit I . lun I - i i t .v l i I s t 
Ikt t ~ u si .1 t Ir it . f.r. lull p-f . u I i ' t It I 
tt >nt u . n ! i . . i t n s V -t>l H.f Ii t 'I l i i . l t t i I 
i l l I . I lu . t . . t UsitL t l i . I I M I K i I "" 
.itl lit . i n . . i t . . h ' i . l if t . s , lu. H.sijtii . 
t p i . s nit r *p..i i. i t . u i ' t n i l . i 
1> • i n ' II 
l t . l t . . I t I p i . . . t i t lit . ! . .1 I ..Hill I . I 
. I t ..tllM . .lit t . . . I t . , t It ' . 1. Ill 111!. Il«ll p I 
1 (Vs.lt t, t f sill t i l . I t i l 11 . l i s 1 ( s.ll> I> 
T l . » . I U.I s 1[ lis. I_ ll» I ll' I . I> SILt 11 - I t I' I •_ 
11 l> IH li-t .It II I I 11 It .1 1 ll.t slit II.ss | 
ppi .in I I I* ii Up t it i ' * I tr F* 
t il 11 SI n t l l . l is L 1 t f ll>.J ll« I I . I U< 1 „ 
si ' s J »1 _ H » C II Up I il t 1 I 11 
k \ r . l u l l IVl t }** w-sd.sti.lK. 1 s n tt Itl tt i t . 
Mil' III. .UttplIM Ol sttl . W f . . t | s t Hi . 
p i I l . lv! . H i t I . . V llks ( i t K | | s- | | , L ((,_ 
N i > r j t t s i ' s [ it T t i -
Xl1. o i . IL I p i_tt E r sfiti t s f i ih is 
i H i stii r s* s„lik.s v .t\, tli.n i . i f t p i t. il» 
Tl V TI". s l n t a i t I t . p i s . s 1 il i . tltr.-s. ill .1.111 
s. i t . . tn 1 . i.iitt !•. . 1 . tKti . ti p 1. I pti 1 .>i 
I <.J ja i lit v I . . t u I . >i I III tl , / . ,1 P H I 'v ' 
k u l t .d t . 5" \RiS> i s t t i . 1I1. v ill—!s.J l l . . uts.J 
t . p^ t . s . V. . tp t t t . J th t t W ! •.!! r*- J ' iv ti 
It. 1 tCUI. ,2 k i t 'I..I1 l .s III. I tl». i l l l . t t u l i Itsli 
t i n . C i t s , v . i . cl <. '.pt 1 \iit 11 1 ( i h . t u . 4 
. . tisiiti.srj I" ! 
lit J 111 drt lctUw 
Jn <tsi<-t t . t int . .ompkt.K . . . i t t . t . th . VJ»T J. 1.. 
rfi. .(".t ts of 4 l . -t fk lk i l t )t! TOU..I (s. s. 't s lskf.J ttt t h . 
11 V l f Ilk. tt.. it is. trs, »|R.r. ,h ."t J . l<.m ttt,'r Is 
nepliEiN. (Iu.MOi.itkK t « I Youcij "*Wi t K t.i.i..ll; 
hi<.m lor I k tit V h nl * Aipth ts> k n c t h rslt.s r f 1 2, 
K'sjLittit!* in. 1 1-Bo.li.n . . ' t o t .k r J i . 1 i\«t li>-
J.lk<.lttn! >f tit.» L.mte span ,>1 lilt, P . i t u Jta. t o 111. 
s.ri!s.di ^ r t f - 1 **si tlis. s h c j is.li^.11 » ^ . . o u t u s l.st 
22 2*« ol lit. iot,. | 4vP«ai.'tS J or Ills, .kftj-tt s i t . I tli.* 
. j i l t s . <fi.i, 11 tils. K^lit it..' to HR. i|i,li!s.vs! ^Ik> r i>( 
lw.il/..«t £l l.v. J i ; v 2 lit.* .lis!'! d r t t U l u t l h « •J'*. . 4 
t h . H-til t k f t . u i 'tt 
III . ! I 'M it.! n ' t at^-otiiit lot t l i . slu^f l . tk . l i . ' t i 
in t l i . h i m . T l i . r . l . t . . t b . N3>T t l « u lot l i i .s . 
sktkttusis- vv.s i«lifc..4 b> 22 2 ' » <it«l ft 7% usp t j . 
It..l> tot SAUI J . .otl,p>Sttsori tvltt.!.Ii tltv* M i l J . t l 
T I tls. I I M ll>. 1 1 M t. .ull. I'ttc Ktiu.1 J.'J b\ 
pi, mtii! the Ii- pliv.iti.nts of p . it t. il. ne lit. KO-IM 
ixn I.i 4tt .rvitt.. ttits-s-Eissi! .tit'tivs. ..Liu., t .siiltina tit 
Ion .uiv.s t .pr. uslnti! lit. lokt lit n . . . . .tisltli nis 
!pii"t..J ii'iu I uusi . Y.i<m<.t}..<l i t tdi ts . Ii 
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••it n i l It ci IK M ' T •> > It f . t . n u . 1 tM 
n ti .11 v l«- t l l . l . J i n . •vh.t>. Hi. Mi it > t . 1 . 
it u r ! F1' - 1 1 1 lit*! . t r IIHN It i I ni li t 
»«. li <_ l i t . it it J i . ti> m-ti h.i J t*u' lu i ill i! 
\ i l l i .1 I ' i . l .n t ti > tl). ir lu. . . l tt i it j i I il' I 
j . it I T k . k U t . J Mi 'ti*.t'l> '. . 1 . t> ti p t . 1 '..lilt 
tlk 11 M n >ii 11 . w . . i 11 L U t t i u . h. >., I -*. I k 
1 IN! jipi KIII, l i i k M l ! I i ! 1 \ { it n i . i t 
Fixture il. Bdwm®& ihwp&g irf 0 ) Jtiflnesl isiis^iikia, 
^5) oiOT^gpa emtiitkirc ami f :$) i m l e&tiiilMKS dae tt> kiad 
case I. 
•1 U II . . L i . . l i . l 1.1 b . l . k l l t It t t L 11 ' . tl ti . t I 
I v > . | 1 [> 11*1 I, I K t i l . t l H l l i t f i t t l ' I ' l l 
. t,i>..It r ^ m ' r . v . *._•,.•, j u t i . J thtti 1 „ i > . u - l 
i 11 \ . 1 I m i i i . > \b "< * t k it tt ' .i t It _t ii ltl» 
K it lii. I 1 1 . . < . I l i v u u . I (V k l v » - t Ih . 
. \ l i ttv . r fill. t> l p i r u , l j „ l l u v h t-, u u sir It 
Flu.-, t . ntv ui . t t . .kl . i t t it lit. M > T -tt tt> 1 I 
v i l ! It . . t u t U ri .1 .1 i ih ii 'it til > h 
. I.i 1.1.1 I n K N J S T l-u I l > i - \ I > I 1 t p t r t i 
t . l I I . . I , . 1 tl i .h I i I k in. J.I lit t I 1 I- a 
(.[ 1 t . i 'Utll If'. . U . . I S . 1 -ill IV,- i. , . 
lasifriiitittir *.«.ttiHdltuti r tn t lK 
fi i II II i p j 1.1 m l.l u J i . I„ , L i s t I l u u l 
il 1 i k „ j - t „ l . 11 . . t i >c J I I ' U N , .1 1 . 
ppi tin t n i 1 i)i i < 1 . 1 litt 1 tt II I f 
I t l l U t l U l N \ U t l ' . It til 1 v. Itdltl I! ' i s \ r 
. ! v ppi u i >_ti t i l , I k I tni .»! . t J i l i t illi It I 
tt L ll> I I k tttl 1 I J . •. t lit. Jit t . 11 111. k tt 
' l i n t ' t i ti> i t i v , t* I 1 » I tin. , lu a i m H, 
in u J 1 p . 1 n f tl' t 11 . lu. Ih f it tl 11 
'till 11 l1 If t ' I.tUlf . 1 ' s t i I s. [p i 'II! 
It >t I 111. k l l U » t t t p f l I t-It k I' I k . t L lU . t s 
tl I k i » u I ill- k i t 
T l i . I I V -»HJ t«. - . i m t u . i . i . i . . s . iv i . t ivt 
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l l ' . . ,ltt \ . * J> Itli. 1 I M v.Utn.1 I t _ tllti-i-L H-U I 
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t l u l i i u kv li I . ! . • . ! t l u . t t .1 j>i. k i v v . i i i k 
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. V l l . l t . . >!'» ..IHMI . t l l l . \ » . I. 111! I if'li t »^l I 1 
U J . IKilll.it >t A i v t . .11 It hi i I k \ i i f 1 i 
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i r .\ 
In L U M ! lit It s ' J . !* M m F l i n t . . . p i •> 
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" * »t ttt pt it .1 I -t l i t . n u t I uiv t th -
i . t t t . t i p i t i . l . t lit. . I'lvlt < . l i t . . I I Ihi 
tl I »!•> Fl . p 1 tl . t . t tin H i h . i .ts t i . l l i 
tit. - . l i l t . . . 1^ tit t p p i t i t it >tiN 1 •» K r i t i i t . . 
th- Kit .1 ki 1 lit .Hit t t t \ tl th_ . v 11 _ .u t . 
I< 1 n i t tit 4il i <i Mi I l i t t I .ill i v I t h . 
i p p . t . i t . . t i t - i 111.I i I . . 1 th i . 1 . 1 
H . I ) ^ w t tt hit i It i ' )•> I m i s 
r . J i i t 1 - . i , h t IK 1 I M ii U> •, i t 1 t 1 
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it . J tt Ir ttt tl . pti p . i uJtti is . u r . i 1 . r . 
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i.rt . l i > \ . t h p t n I . I ttm t t P ^ l 111 t 11 
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\ D T J t >hL it . J ft >n, ll> ( . m i I Kit t\ v „% u. J 
l i t p t Hi.t.t t i i n u «tt >tt n J it x i . l upd Ittt. 1 n i i t 
PAR nwi.i l l . t l i t i v s t t u i % 4im iPAM*» t i K 
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• ) tt I ' .Itiitiii 1 p r tt i t L.titt ti t 
Hi 1 i , t ^ l t i . I t i n t lit-, i . i It M > , ill 
p I II l . t illtt ti II! I J It I I I p l III _ ' til K U. I 
1 t 11 11 1. pt J.-t .1.1 v I I t . t 11 I 1 1 | I tli 
\pit l- l<l< i tl« R Hit R I W i l - . n K Ilif.1 i I 
M l ThtNt t , i ' t t . i 11 lit 1 i t . i it ( N 
i l ii r»l>iiL HI . >t ji ii t i . t Httl tl>. X t U i. t J in 
3 « . p i l » . t i t I Ti i p i t t > t i i | \ 1 1 I > I I T ) T | I R>lliii, 
K J K r t J x Pt v . t ill K. u . I -. K t Ititi rk I t 
t i t .tin tut I h Itli tt .nut ttiiL n l %. I ii t LV 
it 11 \H >.t ii ittt t th ^ Hljrf t l 
Vtl.niMtdL.uiiail.j 
* i r t l K \ l > l \*L «.nil aititiuitiK ffp trill n ^ n u . i 
^ H t n i f i i i . tv i n in-hit* Hitc* t . t t>r t nr* . in . r e 
io 1 iinn . ti >a uU.irtst h J i npp irt l i t llli 'r t t 
l i t ix l b . rt^.3x.h I. in ^trc .n*- in t i r t tu . t t \v 
Vi ~Knit P i u l P . jnt in. hi tiksit . tnvr . . t i . Lt^iip t n 
th it t i t ptitinil ..iittnriitt tne ^n tnim-rdillm **& ft t 
' iu J K t t u x >n p £*iqwitt>n h d u I b^ l>r Ulan \* irt 
lit t i kn t - t h.k. UH « t 1-d 1", IX R + it N»r.n T h . 
- j m i inrt j l i . . til .tr tin iu~ . 4nd tiltiiyt^r inw tht v. h.>it 
i u i tel; tnJu^t tu the 1 ia^_Jl and h ^nrt rxHtuUisrcrti^r 
^ i ii xikai up t.l th iirn 3<tta tt^uLitriii '> t.n in tht 
tt>* A..t tust t V*K UM> pr i . id- t . h tilt %3tt iti»t i t 
Hitthfia> IXpiftrrait tb . t jinaralHiglm tv ^^rriint.tKtu.iii 
the ii *ruf.i?rrstiit *m ultuit iktlittl P^r . to* !!rirkkrh ^1 
U\A the tttt.m 4 t ^n ; r * i* Sp tti iiu V Ihiiii^ikc HN7SJ 
i l t f i tritittt^ 
\ H to VI it J \ff" StrHttiirtl KAiHirfc. Itliu iw 
t<>n.db.in asst n cut CKpctimtntii ttttv Joui-tinl >l 
\ t . »« ( ^ i » t i y < w r i : i , a tf.-i K M 
.Slitittuir* A P Z n 4 i^'Ui-Ui tm r t t . m* m dtti^t >^ f 
i I s<- . i ^ . c ^ ?v xutmetr * I'?. . * t.?rt » i w 
! " . n ut J, *^ fc-'ft *i*U*»s 'D 1 tr, MS 
Tb. i S t 52 1 ofti I m xnitY Vt il « a MA 
* t i r i r ( P in j IjuaiEtit D A 1 > * i tti. turititi. m *} ii 
^iia us t^.ntit* itifin iltMnthn . ipph^at t i hnda^, I 
yjs.itnA.nl Smut W*xtt***k mi Vti. ti^-^i " ^i ~*4 
-\> 
t i r r i r < R J t »tt *)jm~i*° pr'm ?.V J.C t' « s" 
«. l .'^*- iftff * t Aim t« N-itl uul alxir.lt r} 
Rt] tit i A 1 lij*! VS 
i n» ' M l *!rr D » ' ' i t i l inc. t h j i •>• > ' . " l 
J i . hut ti tad t i r l-rtcjis; jxrt rri^rtK1 it tintinn^ 
^ . ^ *' / *& i&^>? j* */« f . ' t I ^ i . ^ i "".I ^ '^ 
t t i *>lni J *- 2 »f. i t ! Stni^t^ 2 Mi <w c m ii tit lit il 
I t . Irnitu! t VS" t m t t r Vtlmu < i \ 
187 
m £. $m£h&$gii $t d. 
l\ ifnii~X%-t I I ^ 3h t_h.iikfm. t »m^_rj intuit l b 
t i J I t l i l fit r i it f a t ' l I F ' •* iS ftllfl t 
f i n i l l t i „<•*•* *j t u r u i r t i u t m.*fj si >l Wr 
i m i f c i i h m ! L X ^US I„*. t \. u j n t rt t f i i t lui 
> * * ?* J * if* i&> ^ » i I - * i 4 -
** ifr im * \ m i s u r in I \ _ v ? s j r « n u i 
ni> itt>n H b>n*«mtd l u i r t j l r ^ r b n k i t * 
m , M ' f t ^ i M ' *i t t „> I 2 
V f til • »> ut! i\ l i t i u r u n t I t CM n 
<.rib_itr>n «f bri »v- J f *•; * r 3 i 
t } S Ui t i t 
%
 \ il " u n S m M u i i r t L P R 2 »» %JI 11 i 
trk4 *!). n t i t K t n . ij i h n \ « i / i 
v»r t . " t i l l * 
i n u ** t ~ f 4 # * * - 4 * e i 
l s*<#i\ M "* \ [ili t. «f I U 
IM t i •** ' t *~ M i u iw. i l n * I u p Mm u n 
t f u u nt tl i tti ft ) i r u i ni f r *• ** 
f i > i' iH r 1 2 ' j -C 
*» 111 IV I V ItJ 1 ft vitlv M i N " *»2 -*.tl II j i * . 1 MM 1 
I i i i n I r f Un tti ict t t n * tur** u n i , i h t mf n n i 
t i m ft i t tK / n t i f " *> 
I *• f N < i y i i t * 4 a I t * «• * * i 
• t u n t ^ > t i n l H « M *^ T 
S H i i L i V in J N d n # - * I v uifrii iti >n ii 
t r n m r i j k n u r t t i t ln-^Mr t r m m i i f i k t i t * t t 
» i i *• ifj, i4i 4 * J t i 
i * * *. t i*i *} ^ \ m,. -kiJi ( \ 
1 f k t i K r P i p r mt *'i\~ 
• t i n t u V Omp^au" i> tft » J i h i S F I 2 T J ii ifi 1 
m m fli^i iF^n ^iti l ix itj «n for c n i i I ^ i j i n i i i t i t i t 
V i n i ) t M tn i ' t j l t n d %* F i » h n u i i n . t ir Hi tit 
it mtL.tiir ^ ti ii U h ii an fi/*t u u n ?.tt 
n i tirftt vt ' r f Pfi*°» { 4 < i 
I * ' ( ^ 
» m i i %Jt ft^ M k t n A V I 1 > H P « i f k i t ir iti n 
^ tfiiUiH). I n n u t * l r u n m . i H I U I u i t » fi ^ 
i tiVJrt I I U J i / ; » - * . * - * £ / i t o i 
^ H i U *j * 4 2 
V t i t u i ) I fl <,*>"* r t r ^ ; * 
; i 
I-"i t r i l l > i - tr t ti n I t i i) tuv^r t V \ l r j 
\ i i li!.i t i 
\ m t t n i ? D M t i t u V I t h e \ S n> i S l i ii^ 
-
 fc
 " MtilU R \\m i t r i t t vt r M i r ill n I trfinfl 
J i nt * l i i p t ttju t t m j . i i i n ic^ttiit.'Uvt t s t t i t 
t S * w * s < ^ * J P J t 1 
I ~ 
•*inti K \ \ f i ^ t ^ i i i ii >i il k f i h i ^ . 
ti <* l h l H * I U . «i u i t " t h tnmt tl nt tn M m f 
i n v { i l l r m. i h W H ^ r V i t t\ H i n 
P mi I ant i t u t l u u h P A ISHK U . p I P 
i tut. v S / h n i i s i i * k » * "V v u i l l m P i n I 
~*< D i i i J . ^ j.n ii J w u u f t ^ r t J ! i n t i t t t i i n f » 
l u l i i r \tt *» it i t ml i \ t i n * i n h In* f«r 
i M i " i Mt W * * 1 "* J ^V* f\ 
I n t hwi V i % i r u s tin l"tii I ?J jt4 t ? te t 
kti. Ith <. ft N^rt t r i D * m * •» irin. 
*M hn l> ? ' n s k ^ in ( I n n - v* 
** i 1 J n«. i u r t r u t r*. lilt t i B I J . ^ t n | t f t i n 
t n - firing tj\h / i U i i t i M- i- 3 
188 
